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Samenvatting
In de laatste decennia is het internet zeer snel gegroeid. Niet alleen is het aantal gecon-
necteerde toestellen enorm toegenomen, ook de hoeveelheid digitale data is zeer sterk
gegroeid. Om toegang te krijgen tot deze groeiende hoeveelheid data, zijn hogere band-
breedtes nodig. De ultieme breedband oplossing is waarschijnlijk een fiber-to-the-home
netwerk. Echter, het installeren van een dergelijk netwerk vergt grote investeringen, die
operatoren proberen te omzeilen door bestaande distributienetwerken, zoals het telefoon-
netwerk of het kabeldistributienetwerk, te hergebruiken. In het geval van het telefoon-
netwerk werden getwiste paren geı¨nstalleerd vanaf de telefooncentrale naar de straatkas-
ten, en vanuit deze straatkasten naar de abonnees. In de telefooncentrale bevindt zich
een hoofddistributieframe dat de verbinding van de getwiste paren naar de POTS appa-
ratuur en DSLAMs mogelijk maakt. Gelijkaardig wordt er in een straatkast een kleiner
distributieframe geı¨nstalleerd om de lijnen van de telefooncentrale te verbinden met de
abonneelijnen. Vandaag de dag worden deze distributieframes in de meeste gevallen nog
steeds handmatig geconfigureerd door het toevoegen van overbruggingsdraden. Dus ie-
dere keer als een abonnee een nieuwe dienst aanvraagt of zijn dienst wil wijzigen, moet er
een technicus worden uitgezonden naar de straatkast om handmatig overbruggingsdraden
toe te voegen aan het distributieframe. Dit proces is vrij duur, tijdrovend en foutgevoe-
lig. Daarbij komt nog dat door het uitrollen van snellere toegangstechnologiee¨n zoals
VDSL of G.fast, de kilometers lange getwiste paren niet genoeg bandbreedte meer heb-
ben. Daarom implementeren operatoren een FTTN, FTTC of FTTdp netwerk, waarin
DSLAMs worden geı¨nstalleerd in netwerk knooppunten, straatkasten of zelfs kleinere
verdeelpunten om de lengte van de getwiste paren te verkorten. De DSLAMs zijn hierbij
aan het kernnetwerk verbonden door middel van optische vezels. Deze verschuiving van
de apparatuur dichter naar de abonnees, leidt tot meer (maar kleinere) distributieframes
door het vertakken van het netwerk. Het uitzenden van een technicus naar deze klei-
nere, meer geografisch verspreide kasten verhoogt de operationele kosten nog meer. Om
de kosten van deze handmatige tussenkomst aan geografisch verspreide straatkasten in
een toenemend concurrerende telecommunicatie markt te verminderen, is een geautoma-
tiseerde schakeloplossing nodig. In dit werk werd een MEMS gebaseerde schakelmatrix
ontwikkeld die kan worden gebruikt in een geautomatiseerd distributieframe in straatkas-
ten of DPUs.
Aangezien de MEMS gebaseerde schakelmatrix een handmatig geconfigureerd distribu-
tieframe moet vervangen, moet de functionaliteit hetzelfde zijn. Een belangrijke vereiste
voor de schakeloplossing is bistabiliteit, zodat de geopende of gesloten toestand van de
xxvi Samenvatting
schakelaar behouden blijft zonder toevoeging van energie. In het handmatig geconfi-
gureerd distributieframe blijven de verbindingen gemaakt door de overbruggingsdraden
eveneens behouden. Deze bistabiele eigenschap werd geı¨mplementeerd met behulp van
een mechanisch vergrendelingsmechanisme waarbij bistabiele toestanden werden verkre-
gen door het sequentieel aansturen van twee thermische actuatoren.
Omdat de gegenereerde thermische expansie in de actuatoren zeer klein is, wordt er
meestal een mechanisme geı¨mplementeerd dat de verplaatsing versterkt. Dit resulteert
in de typische V-vormige actuatoren of actuatoren met twee warme armen, die relatief
lang zijn. Indien deze actuatoren gebruikt worden in een vergrendelmechanisme, leidt dit
tot een grote L-vormige schakelaar die niet zo praktisch is om compact te stapelen op een
microchip. Om dit probleem op te lossen, werd een nieuw mechanisme ontwikkeld dat de
contacten vastklemt in plaats van te vergrendelen. Hierbij kon de noodzakelijke verplaat-
sing van e´e´n van de contacten worden verminderd, waardoor het gebruik van een lineaire
actuator mogelijk werd die grotere krachten kan uitoefenen. Het voordeel van dit mecha-
nisme is dat de beide actuatoren van de schakelaar naast elkaar konden geplaatst worden,
waardoor veel chipoppervlakte werd bespaard. Dit mechanisme ruilt twee middelmatige
verplaatsingen in voor een kleinere en een grotere verplaatsing met als resultaat een meer
compacte vorm en een verhoogde contactkracht. Het mechanisme werd succesvol gede-
monstreerd maar werd niet verder ontwikkeld vanwege het lage productie rendement.
De V-vormige actuatoren, de actuatoren met twee warme armen en de lineaire actuatoren
werden gefabriceerd in de MetalMUMPs technologie waarbij de structurele laag wordt
vervaardigd door elektrodepositie van nikkel. Dit resulteerde in een lage aanstuur impe-
dantie in de orde van 1 Ω. Bij het aansturen van deze actuatoren met een stroom werd er
vastgesteld dat de verplaatsing van de actuatoren moeilijk te controleren was. Dit werd
veroorzaakt door de positieve weerstandstemperatuurcoe¨fficie¨nt waardoor de weerstand
van het nikkel toeneemt en zodus meer vermogen wordt geleverd. Dit versterkend effect
resulteerde in een sterke toename van de verplaatsing die moeilijk te controleren was.
Een aansturing met een spanning was echter ook niet ideaal omdat de grote stroom een te
grote spanningsval in de interconnecties met de actuatoren veroorzaakt.
Vanwege deze moeilijkheden met het controleren van de verplaatsing werd er een ther-
mische actuator ontwikkeld met een polysilicium verwarmingselement. Deze actuator
bestaat uit een warme en een koude arm, verankerd aan het substraat aan e´e´n uiteinde
en verankerd aan elkaar aan het andere uiteinde met een siliciumnitride plaat. De warme
arm werd verwarmd door een polysilicium verwarmingselement, gefabriceerd direct on-
der deze arm. Het elektrothermomechanisch gedrag van deze actuator werd geanaly-
seerd aan de hand van een 1-dimensionale modelering van de structuur. Uitgaande van
de aangelegde stroom door het verwarmingselement, werden de temperatuurprofielen in
de actuator berekend. Vervolgens werden deze temperaturen gebruikt om de thermische
expansie en de uiteindelijke verplaatsing van de actuator te berekenen. Tijdens de ana-
lyse werden ook de spanning over het verwarmingselement en de mechanische spanning
in de structuur berekend. De resultaten van de modellering kwamen goed overeen met
de eindige-elementensimulatie, ondanks het feit dat de warmteoverdracht werd gemodel-
leerd met vormfactoren. De actuatoren werden gefabriceerd en de resultaten van de mo-
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dellering en de eindige-elementenanalyse kwamen goed overeen met de meetresultaten.
Het gebruik van het polysilicium verwarmingselement vereenvoudigde de spanningsaan-
sturing van de actuator en resulteerde in een betere controle van de verplaatsing. Ondanks
de succesvolle demonstratie, hadden meerdere actuatoren last van gebroken siliciumni-
tride. Daarom werd een tweede generatie van actuatoren ontwikkeld met een robuustere
nitrideverbinding, meer ruimte tussen de nikkel structuren en een grotere verplaatsing.
Daarnaast werd ook het ontwerp van het polysilicium verwarmingselement aangepast om
een betere verdeling van het temperatuurprofiel te krijgen. Deze verdeling was belangrijk
om de maximale temperatuur te verminderen, terwijl er nog steeds voldoende thermische
expansie werd gegenereerd.
De thermische actuatoren werden vervolgens gecombineerd in een vergrendelmechanisme
om een bistabiele schakelaar te verkrijgen. De eerste generatie actuatoren werden ge-
bruikt in een DPST schakelaar en waren in staat om succesvol te vergrendelen en te ont-
grendelen. Ondanks dat de schakelaar in staat was om een lage schakelweerstand aan te
houden, had e´e´n van de contacten de neiging om na meer dan 1× 104 cycli minder stabiel
te worden. Dit was te wijten aan het feit dat een sluiting van e´e´n contact een beperking op-
legt op de sluiting van het andere contact. Een soortgelijk effect werd ook waargenomen
bij de DPST versie van de schakelaar met actuatoren van de tweede generatie. Een andere
beperking van de schakelaar is de lage doorslagspanning van de schakelaar, veroorzaakt
door de kleine afstand tussen de warme arm en het polysilicium verwarmingselement.
Vanwege deze beperking werd er in de tweede generatie actuatoren en schakelaars een
grotere spatie¨ring geı¨mplementeerd. Dit resulteerde in een doorslagspanning van meer
dan 400 V. Bovendien werd de maximale stroom die de schakelaar aankan, vastgelegd op
400 mA. De kortst mogelijke timing was 3 × 50 ms. De schakelaars werden ook geka-
rakteriseerd in een cold-switching cyclische test, waarbij er werd vastgesteld dat bij lage
stroomniveaus, de weerstand van de schakelaar relatief hoog kan worden na een groot
aantal cycli. Wanneer de schakelaar echter langer gesloten bleef, daalde de weerstand
als functie van de tijd. Dit effect werd toegeschreven aan kruip van de contactoneffen-
heden waardoor de effectieve contactoppervlakte groter werd. Cold-switching cyclische
testen bij hogere stroomniveaus resulteerde in lage weerstanden voor de volledige test.
Dit werd toegeschreven aan de versnelde kruip en het smelten van de oneffenheden. In
hot-switching cyclische testen bleef de weerstand laag wanneer er 100 mW werd gescha-
keld met spanningen tot 10 V. Echter, bij het schakelen van 50 V trad er contact stictie
op, waardoor de schakelaar niet geschikt is voor hot-switching van POTS lijnen. Cold-
switching van deze lijnen moet mogelijk zijn aangezien dit werd aangetoond met een
spanning van 200 V.
Om de thermische actuatoren in een vergrendelende schakelaar aan te sturen, werd er een
aanstuurchip ontwikkeld. Deze chip, aangestuurd door middel van een I2C bus, genereert
de vergrendelende of ontgrendelende sequenties met een aanpasbaar tijdsschema, een
instelbare arbeidscyclus en een instelbare frequentie. Met 32 aanstuuruitgangen op de
chip kunnen 32 actuatoren aangestuurd worden om zo 16 schakelaars te controleren in
een 4 × 4 schakelmatrix. Voor deze aanstuurchip werd er ook een controleprogramma
ontwikkeld.
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De aanstuurchip en de MEMS schakelaars werden vervolgens gecombineerd om schakel-
matrices te construeren. De eerste matrix, met een 4× 4 DPST configuratie, had last van
een slechte impedantieaanpassing en hoge reflecties als gevolg van de niet-getermineerde
transmissielijnen, of stubs, in de kruisschakelaarstructuur. Een kleinere 2× 2 DPST ma-
trix zonder stubs vertoonde zeer goede RF karakteristieken tot 500 MHz. Voor de tele-
communicatietoepassing zijn echter grotere matrices nodig. Daarom werden er 16 × 16
virtuele prototypes ontworpen en gesimuleerd. De 16 × 16 kruisschakelaarstructuur had
een bruikbaar frequentiebereik van 30 MHz, waardoor het toepasbaar zou kunnen zijn
voor VDSL2 toepassingen, hetzij met zeer weinig marge. Om het bruikbare frequentie-
gebied te verhogen werd er een schakelmatrix met afkoppelbare stubs ontwikkeld. Deze
schakelmatrix kan worden gebruikt voor frequenties tot 200 MHz, die bijvoorbeeld nodig
zijn voor G.fast. Bovendien is de matrixgrootte van 16 lijnen ook geschikt voor FTTdp
implementaties. Om nog grotere matrices te kunnen construeren, werden Clos netwerken
geanalyseerd en geoptimaliseerd. In de eerste optimalisatie werd het aantal schakelaars
in het schakelnetwerk geminimaliseerd, wat resulteerde in een lagere kost dan een kruis-
schakelaarstructuur. Het gebruik van deze Clos netwerken heeft ook als voordeel dat het
de matrix opsplitst in kleinere submatrices. Voortbouwend op dit idee, werd het schakel-
netwerk ook geoptimaliseerd voor minimale kost maar met beperkingen op de maximale
grootte van de submatrices. Dit leidde tot kortere stubs waardoor de RF-karakteristieken
beter zouden moeten worden. Uit deze optimalisaties bleek dat deze maximale subma-
trixgrootte kan worden geruild voor een kleine stijging in het aantal schakelaars.
Tot slot werden enkele verpakkingsmogelijkheden onderzocht en een conclusie werd ge-
trokken. Ook een aantal opmerkingen en enkele suggesties voor verdere ontwikkelingen
werden gegeven.
Summary
During the last few decades, the Internet has grown very rapidly. Not only the number
of connected devices has increased a lot, also the amount of digital data being shared
has grown drastically. In order to access this growing amount of data, higher bandwidths
are needed. The ultimate broadband access solution is probably a fiber-to-the-home net-
work. However, installing such a network requires huge investments, so operators try to
reuse existing distribution networks such as the telephone access network or the cable
distribution network. In case of the telephone network, twisted pairs were installed from
the central office to street cabinets and from these street cabinets to the subscribers. In
the central office, a main distribution frame is located, which enables the connection of
the twisted pairs to the POTS equipment and the DSLAMs. Similarly, in a street cabi-
net, a smaller distribution frame is installed in order to connect the lines from the central
office to the subscriber lines. Today, these distribution frames are in most cases still con-
figured manually by inserting jumper wires. So every time a subscriber requests a new
service or wants to change its service, a technician is dispatched to the street cabinet to
manually insert jumper wires in the distribution frame. This process is very costly, time-
consuming, and error-prone. Additionally, with the roll-out of faster access technologies
such as VDSL or G.fast, the kilometers of twisted pairs do not provide enough bandwidth
any more. Therefore, operators deploy an FTTN, FTTC, or FTTdp network, in which
the DSLAMs are installed in network access nodes, street cabinets, or even smaller dis-
tribution point units in order to reduce the length of twisted pair. The DSLAMs are then
connected with optical fibers to the core network. This move of the equipment being in-
stalled closer to the subscribers, results in more but smaller distribution frames because of
the branching of the network. Dispatching a technician to these smaller cabinets, which
are more geographically spread, increases the operational expenses even more. In order to
reduce the cost of this manual intervention at geographically spread street cabinets in an
increasingly competitive telecommunication market, an automated switching solution is
needed. In this work, a MEMS-based switch matrix was developed which could be used
in an automated distribution frame in street cabinets or DPUs.
As the MEMS-based switch matrix has to replace the manually configured distribution
frame, its functionality should be the same. An important requirement for the switching
solution is that it should possess a bistable property, which means that the open or closed
state of the switch should be retained without applying power. In the manually configured
distribution frame, the jumper wires are also retained. This bistable property was imple-
mented using a mechanically latching mechanism where bistable states were obtained by
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the sequential actuation of two thermal actuators.
As the generated thermal expansion in the actuators is very small, a displacement ampli-
fication mechanism is usually implemented. This results in the typical v-shaped actuators
or two-hot-arm actuators, which are relatively long. Using these actuators in a latching
mechanism results in a large L-shaped switch design, and is not very practical to stack
compactly on a die. In order to solve this problem, a novel mechanism was developed
which clamps the contacts, rather than latching them. In doing so, the necessary displace-
ment of one of the contacts could be reduced, allowing the use of a linear actuator which
exerts larger forces. The advantage of this mechanism was that the two actuators of the
switch could be aligned next to each other, thereby saving a lot of chip area. The mecha-
nism trades two intermediate displacements for a smaller and a larger displacement with
the result of a more compact shape and an increased contact force. The mechanism was
successfully demonstrated but was not further developed due to the low fabrication yield.
The v-shaped actuators, the two-hot-arm actuators, and the linear actuator were fabricated
in the MetalMUMPs technology, in which the structural layer is made of electroplated
nickel. This resulted in a low drive impedance in the order of 1 Ω. When driving these
actuators with a current, it was observed that the displacement of these actuators was dif-
ficult to control. This was due to the positive temperature coefficient of resistance, which
causes the resistance of the nickel to increase, causing a higher power being supplied.
This amplifying effect resulted in a rapid increase of displacement which was difficult to
control. Voltage driving, however, was neither ideal as the high currents would cause a
large voltage drop in the connections to the actuators.
Because of these difficulties in controlling the displacement, a thermal actuator with a
polysilicon heater was developed. This actuator consists of a hot and a cold arm, an-
chored to the substrate at one end, and anchored to each other at the other end using a
silicon nitride plate. The hot arm was heated up by a polysilicon heater, fabricated un-
derneath this arm. The electro-thermo-mechanical behavior of this actuator was analyzed
using a 1-dimensional modeling of the structure. Starting from the applied current at
the heater, the temperature profiles inside the actuator were calculated. Next, these tem-
peratures were used to calculate the thermal expansion and the final displacement of the
actuator. During the analysis, also the voltage over the heater, as well as the mechan-
ical stress in the structure were calculated. The results of the modeling matched very
well with finite-element simulations, despite the fact that the heat transfer was modeled
using shape factors. The actuators were fabricated and the results of the modeling and
the finite-element analysis matched with the measured results. The use of the polysilicon
heater facilitated the voltage driving of the actuator and resulted in a better control over
the displacement. Despite the successful demonstration, several actuators suffered from
silicon-nitride cracking. Therefore, a second generation of actuators was developed with
a more robust nitride connection, more spacing between the nickel beams, and a larger
displacement. Additionally, also the design of the polysilicon heater was adjusted in or-
der to get a better balancing of its temperature profile. This balancing was important to
reduce the maximum temperature while still obtaining enough thermal expansion.
The thermal actuators were then combined in a latching mechanism in order to obtain a
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bistable switch. The first-generation actuators were used in a DPST switch and were able
to successfully latch and unlatch. Despite the switch being able to keep a low switch resis-
tance, one of the contacts had the tendency to become less stable after more than 1× 104
cycles. This was due to the fact that a closure of one contact imposed a restriction on the
closure of the other contact. A similar effect was also observed with a DPST version of
the switch using the second-generation actuators. Another limitation of the switch was
the low breakdown voltage of the switch, caused by the small separation between the hot
arm and the polysilicon heater. Because of this limitation, a larger separation was imple-
mented in the second-generation actuators and switches. This resulted in a breakdown
voltage of more than 400 V. Furthermore, the maximum current the switch can handle
was set to 400 mA, and the shortest timing scheme was determined to be 3× 50 ms. The
switches were also characterized in a cold-switching cycling test, where it was observed
that at low current levels, the switch resistance could become relatively high after a high
number of cycles. However, when the switch was closed for a longer time, the resis-
tance dropped as a function of time. This effect was attributed to creep of the contact
asperities, causing the effective contact area to increase. Cold-switching cycling tests at
higher current levels resulted in low switch resistances for the complete test, which was
attributed to the accelerated creep and melting of the asperities. In hot-switching cycling
tests, the switch resistance remained low when switching 100 mW up to 10 V. How-
ever, when switching 50 V, contact stiction occurred, making the switch not feasible for
hot-switching of POTS lines. Cold-switching of these lines should be possible as it was
demonstrated with a voltage of 200 V.
In order to drive the thermal actuators in a latching switch, a driver was developed. This
driver chip, controlled through an I2C bus, generates the latching or unlatching sequence
with an adjustable timing scheme, adjustable duty cycles, and an adjustable frequency.
With 32 output drivers on the chip, 32 actuators could be driven in order to control 16
switches in a 4× 4 switch matrix. For this driver chip, also a control program was devel-
oped.
The driver chip and the MEMS switches were then combined to construct switch matrices.
The first matrix, a 4 × 4 DPST one, suffered from bad impedance matching and high
reflections due to the open-ended transmission lines, or stubs, in the crossbar structure.
A smaller 2 × 2 DPST matrix without stubs showed promising RF characteristics up to
500 MHz. However, for the telecommunication application, larger matrices are needed so
16 × 16 virtual prototypes were designed and simulated. The 16 × 16 crossbar structure
had a usable frequency range of 30 MHz, which could make it applicable for VDSL2
applications, albeit with very little margin. In order to increase the usable frequency
range, a switch matrix with disconnectable stubs was developed. This switch matrix
could be used for frequencies up to 200 MHz, which are needed for G.fast, for example.
Additionally, the matrix size of 16 lines is also suited for FTTdp deployments. In order to
construct even larger matrices, Clos networks were analyzed and optimized. In the first
optimization, the number of crosspoints in the switch network was minimized, resulting
in a lower cost than a crossbar structure. The use of these Clos networks also has the
advantage of splitting the matrix into smaller submatrices. Based on this idea, the switch
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networks were also optimized for minimal cost but with restrictions on the maximal size
of the submatrices. This resulted in shorter stubs and a better RF performance can be
expected. From these optimizations, it was shown that this maximal submatrix size can
be traded for a small increase in cost.
Finally, some packaging options were examined and a conclusion is drawn. Also some
remarks on the work and suggestions for future work are given.
1
General introduction
1.1 Accessing the global information highway
In today’s so-called information age, information can be sent to the other side of the planet
in a matter of seconds by a simple click on a button. This is easily achieved by using the
global information highway connecting billions of devices worldwide, also known as the
Internet.
This Internet can be used for many applications such as news updates, looking up infor-
mation, e-mail, online chatting, forums, social media, video conferencing, VoIP (Voice
over Internet Protocol), cloud computing, video, music, gaming, IPTV (Internet Proto-
col Television), online shopping, financial transactions, education, research, . . . With a
large amount of applications using the Internet, having access to the Internet becomes
increasingly important for the users of those applications.
Lots of access technologies exist today such as copper twisted pairs, optical fiber, coax-
ial cable, mobile, satellite, broadband over power line, . . . In the fixed-access copper
network, subscribers are connected to street cabinets using the twisted pairs which were
originally installed for telephone service. These street cabinets are connected to interme-
diate distribution frames, which, at their turn, are connected to the main distribution frame
in the central office. This main distribution frame then connects the copper lines to the
telephone or ADSL equipment.
Whenever a change of the connectivity is necessary, a physical rewiring has to be done at
these street cabinets or intermediate distribution frames. This process, in which a techni-
cian is dispatched to manually change the wire connections, is very time-consuming and
costly. Additionally, these distribution frames can be relatively large and the connectivity
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rapidly becomes very complex, which increases the possibility of an incorrect rewiring.
Back in the old days, the subscribers only used the telephone service and in most cases
only one telecommunication provider served the area. In those days, reconfigurations
were rare. However, with the development of different data services over these telephone
lines, more reconfigurations were needed in the distribution frames. Every time a sub-
scriber wants to upgrade his service, it requires a rewiring. Additionally, to serve the
subscribers with faster data services, parts of the telecommunication equipment are be-
ing moved from the central office to the street cabinets or even to smaller distribution
points. Due to the branching of the network, more but smaller configuration points arise
closer to the subscribers, which are geographically more spread. This increases the cost
of dispatching a technician to reconfigure the wiring in a street cabinet or a small distribu-
tion point. On top of that, due to an increasingly competitive telecommunication market,
subscribers change their provider more rapidly, requiring even more rewiring.
To reduce the cost of this manual process, telecommunication providers have long been
looking for an automated cross-connect solution. This resulted in the development of
robotic solutions and solutions using electromagnetic relays. However, these solutions
are not always the best ones and have therefore not reached wide-spread use.
1.2 Goal of this work
In this work, the feasibility of a MEMS-based switching solution for an automated distri-
bution frame is evaluated. In this MEMS technology, microscopic mechanically moving
structures can be designed that can be fabricated in large batches which can significantly
lower the price of such a microscopic device. By implementing a switch matrix in such
a MEMS technology, switch matrices can be constructed in a much smaller size. This
enables the use of switch matrices for reconfiguring the connections in street cabinets.
As the switch matrix needs to replace the manually configured distribution frame, its
functionality should be the same. One of the properties of a distribution frame is that
the configuration of the connections is always present. This implies that the individual
MEMS switches in the matrix should possess a bistable property, meaning that the opened
or closed state of the switch should be retained, and that a power failure in the distribution
frame does not result in the loss of these states. Additionally, the bistable property will
also result in power savings as the switches do not need to be driven all the time. They
are only reconfigured occasionally.
In order to satisfy this bistable property, a switch with a latching mechanism will be
designed. In this mechanism, two contacts can be latched into each other, thereby forming
a second mechanically stable state in which the switch is closed. No energy will be needed
to maintain this stable second state.
Implementing a second stable state in the device is one aspect, reaching this second state
is equally important. Therefore, actuators are needed to displace the two contacts in the
latching mechanism. Because of the required displacement and actuation force, thermal
actuators were chosen. However, the usual approach of applying current through the
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structural layer of the device is not the best option here and an indirect heating approach
will be used.
As the latching mechanism requires the two actuators to be driven in a sequential and
time-controlled way with the correct amount of power, a driver chip will also be designed.
Due to the indirect heating method of the actuators, higher voltages than available in a
standard integrated circuit process are needed so this driver is implemented in a high-
voltage technology.
Next, the latching MEMS switches and the driver chip will be connected together in a
latching MEMS switch matrix. In this matrix construction, it will be shown that the usual
crossbar topology limits the high-frequency performance. Therefore, a different topology
will also be designed. As the telecommunication application requires even larger matrices
as well, multi-level switching networks will be discussed and optimized.
1.3 Outline
In chapter 1, an abstract background and outline of this work is given. The publications
which resulted from this work are also listed.
In chapter 2, a description of the copper access network is given. It will be explained
that due to the newer access technologies, the manual reconfiguration of street cabinets
becomes labor-intensive and too costly, explaining the need for a more automated solu-
tion. Next, the requirements for an effective automated distribution frame are discussed,
followed by a short description of different existing commercial solutions and research
results regarding automated switching solutions.
In chapter 3, the process flow of the MetalMUMPs technology will be described. Some
designs from the author’s master’s thesis will be measured together with a new latching
switch which enables high contact forces in a compact shape. Next, it will be discussed
that direct heating of a low ohmic structural layer is not the best option for accurately
controlling the actuators. Also the breakdown voltage for different structures will be
investigated.
In chapter 4, the topology and operation of the developed thermal actuator with a polysil-
icon heater will be described. A semi-analytical model will be developed for calculating
temperature profiles, heater resistance, displacements, forces and stresses in the structure.
The results of this model will be compared with finite-element analysis and measure-
ments. Learning from this first design cycle, an improved set of thermal actuators will
also be designed showing better characteristics and a higher yield.
In chapter 5, the designed thermal actuators will be combined to construct latching switches.
This latching behavior of the switches will be tested and their switch resistance, break-
down voltage, current handling and timing will be characterized.
In chapter 6, a driver chip will be designed for driving and controlling the latching
switches. This driver needs to generate the latching or unlatching sequence with ad-
justable timing schemes and adjustable duty-cycles. As high voltages need to be switched
in the thermal actuator, a high-voltage technology will be chosen.
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In chapter 7, the MEMS switches will be combined with the driver chip to create different
latching switch matrices. Also larger matrices of 16 × 16 will be simulated to evaluate
their performance. For even larger matrices, Clos networks will be studied and optimized.
Eventually, also some packaging options will be discussed.
In chapter 8, the work is concluded and the main achievements are highlighted. Also
some options for future work are discussed.
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The access network
In this chapter, the need for an automated distribution frame and its place in the
telecommunication access network will be discussed.
2.1 Need for higher bandwidth
During the last thirty years, the bandwidth of Internet connectivity has increased very
rapidly. In the late 1990s, it was observed that this increase could be described by
Nielsen’s Law, which states that a high-end user’s connection speed grows 50 % per
year [1] [2]. This law was based on the inventor’s own connection speeds at which he
connected to the Internet. Starting in 1984, his records are shown in figure 2.1.
It is expected that this rapid increase in bandwidth will continue the next few years. This
is mainly driven by the increase of processing power, described by Moore’s law [3], the
move to higher-resolution displays, the demand for IPTV, the emergence of cloud ser-
vices, and the increasing use of images and video [2] [4] [5] [6].
In March 2010, the European Commission launched the Europe 2020 Strategy, with which
it wanted to exit the crisis and prepare the European Union economy for the challenges of
the next decade [7] [2]. One, among seven, of the initiatives of the Europe 2020 Strategy
is the Digital Agenda for Europe. This agenda sets out an action plan in order to “deliver
sustainable economic and social benefits from a digital single market based on fast and
ultra fast Internet and interoperable applications”. One of the objectives of the Digital
Agenda is to bring basic broadband Internet to all Europeans by 2013, make sure that by
2020 all Europeans have access to Internet speeds above 30 Mbps, and that more than
50 % of the Europeans are subscribed to connections above 100 Mbps.
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Figure 2.1: Nielsen’s law of Internet bandwidth. (Source: Nielsen Norman Group [1].)
Similarly, in the United States, a National Broadband Plan was laid out as a roadmap for
future telecommunication access [8]. The initiative should stimulate economic growth,
job creation and boost the capabilities in education, health care, and security. One of the
goals is to deliver affordable access to download speeds of at least 100 Mbps and upload
speeds of at least 50 Mbps to at least 100 million homes in the United States by 2020.
2.2 Access network
The access network is the part of the telecommunication network that connects the sub-
scribers to their providers. Although different broadband access technologies exist today
such as the fiber network, the coaxial cable network, the mobile network, satellite com-
munication network, and broadband over power line, the majority of the subscribers is
connected through the copper network using xDSL technology (2014) [9].
In the following, only the copper access network and the hybrid copper-fiber network will
be discussed.
2.2.1 Broadband over the copper access network
As the installation of a new access network requires huge investments, service providers
try to make use of existing distribution networks. One of these distribution networks
is the copper network, providing telephone services to the subscribers. The International
Telecommunication Union (ITU) has estimated that in 2014, there were 1.147 billion fixed
telephone subscriptions [10] (1.18 billion in 2012 [10] [11]). As this network already
connects the majority of the households in developed countries, it is an excellent choice
for providing data services, especially if regulations require that the lines should be buried.
A typical access network in which a provider offers ADSL for example is shown in figure
2.2. Subscribers are connected using twisted pairs to street cabinets, which are at their
turn connected to a Main Distribution Frame (MDF). This distribution frame, located
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Figure 2.2: Simplified scheme of the copper access network. (Adapted from [12].)
in a central office, connects the subscriber lines to POTS (Plain Old Telephone Services)
equipment and DSLAMs (Digital Subscriber Line Access Multiplexers). These DSLAMs
are then connected to the provider’s core network, which is connected to the Internet.
The main distribution frame provides a way to easily connect subscribers to new ser-
vices without major cabling installations or changes [13]. It also allows multiple service
providers to deliver their services without installing new cables, but by connecting to
the distribution frame. Indeed, installing multiple networks for different providers, or in-
stalling new (buried) cables for every new service that is requested, is not an option. As all
the subscriber lines come together in the distribution frame, it is also an ideal location for
testing the copper pairs. Similar to the central office, the street cabinets can also contain a
cross-connect distribution frame. The reconfiguration of a distribution frame happens by
manually adding jumper wires, connecting the subscriber lines to the telecommunication
equipment [14].
2.2.2 xDSL in FTTx deployment
The ultimate broadband access solution would be an FTTH (Fiber To The Home) sce-
nario, in which every subscriber is directly connected with an optical fiber. The disad-
vantage of this solution is the huge investment to install such a fiber network. It has been
estimated that an FTTH network costs five times more than a combined FTTC/VDSL (Fi-
bre To The Cabinet/Very-high-bit-rate Digital Subscriber Line) solution [15]. Figure 2.3
shows the estimated costs to connect the complete United Kingdom with FTTC/VDSL or
an FTTH solution (Gigabit Passive Optical Network (GPON) or Point-To-Point (PTP)).
It can be seen that the major cost for an FTTH deployment are the civil works, which
include the costs of the ducts, the fiber-optic cables and the installation.
A similar cost estimation of Alcatel-Lucent [4] also shows a large cost difference between
an FTTN/VDSL2 (Fiber To The Node/Very-high-bit-rate Digital Subscriber Line 2) so-
lution and a complete FTTH solution (figure 2.4). Such a FTTN network is similar to
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Figure 2.3: Costs for 100 % coverage of the United Kindom of each technology. (Source:
Analysys Manson for BSG [15].)
a FTTC network but the cabinets are placed further from the subscribers. Although a
smaller cost increase compared to the previous reference, the FTTH solution would still
be three times as costly. Also here, the civil works take up the largest part of the costs in
an FTTH deployment. It is also noted that the fiber investments for the VDSL2 cabinets
can be reused in a future FTTH deployment. This makes the FTTN/VDSL2 solution an
ideal intermediate step towards FTTH, without the huge capital expenditures.
In addition to the high cost of an FTTH solution, also the time-to-market of these solutions
is much longer [16]. As it is estimated that a nationwide FTTH deployment could take
10 to 20 years, operators are looking for other solutions which can be rolled out faster.
Additionally, entering the home to replace the cabling is also costly and time-consuming,
which can be avoided when reusing the last hundred meters of copper wire.
As the copper access technology evolves to higher data rates, the lengths of the copper
pairs become shorter in order to deliver the improved data rates. The data rate of an
xDSL technology depends on the length of the loop: the further away from the DSLAM,
the lower the speed (figure 2.5). Newer technologies like VDSL and VDSL2 achieve
theoretical download speeds up to 52 Mbps and 100 Mbps, respectively, but only for loop
lengths shorter than 300 m. In most cases, these speeds will be lower due to crosstalk.
However, with recent technologies such as vectoring this crosstalk can be compensated
[4].
The fact that higher data rates are only achievable on shorter loops and the high costs of
an FTTH or FTTB (Fiber To The Building) solution, forces operators to deploy an FTTN
or an FTTC network. Here, an optical node is installed closer to the subscribers, to which
the subscribers are connected using VDSL. Typical loop lengths are 500 m.
This evolution will continue in the near future when G.fast will be deployed in FTTC or
FTTdp (Fibre To The distribution point) scenarios. This could raise up speeds to 1 Gbps
over the copper access network at short loops of approximately 100 m [17] [18].
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Figure 2.4: Cost comparison between FTTN and FTTH. (Source: Alcatel-Lucent Bell
labs [4].)
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As the optical node gets closer to the end user, the number of these nodes increases dras-
tically. In an FTTdp scenario, each node serves only 1 to 48 subscribers [19] [6] [20],
which means that such nodes will be all over the place. Because of the large geographical
distribution of these nodes, they require a sort of remote management [18] [13].
2.3 Automated distribution frame
2.3.1 Motivation
Before the year 2000, introducing new switching technology in a distribution frame had
no substantial profits [21] [22]. This was mainly due to the fact that a relatively low
number of changes had to be performed in the access network. Also the large complexity
of the distribution frame imposed major engineering and technical challenges. With the
increasing development and deployment of the Internet and broadband services, operators
faced rapidly growing operating expenses. For every new subscriber, a technician needs
to be dispatched to the central office or the street cabinet in order to connect the line to
the broadband services using manually inserted jumper wires. Similarly, if a new service
is requested, new jumper wires need to be inserted in the distribution frame. Furthermore,
in an increasingly competitive telecommunications environment, customers change their
provider more easily. Today, this so-called churn rate can be as high as 50 % [21] (22 % -
32 % [23]).
The manual process of adding, removing or changing these jumper wires becomes the
biggest cost for operators [21] [24]. Additionally, this manual process can cause faults
in the distribution frame, causing a delay in the activation of the line or even worse, a
disconnection of an existing service.
With almost everything in the telecommunication network automated, there is a need to
also automate this distribution frame. Such an automated distribution frame could reduce
the costs for the operators, which becomes more and more important in the competitive
telecommunication market of today.
With the newer deployment scenarios like FTTN, FTTC or FTTB, the distribution frames
that need to be maintained are placed further away from the central office and closer to the
subscribers [21] [14] [25]. As this optical node comes closer to the customers, more and
more distribution frames are needed because of the branching in the network. To make it
even worse, because the DSL nodes are smaller, less tasks can be combined on the same
truck roll. This increasing number of (smaller) distribution frames, located more and more
distributed in the field, requires a more automated reconfiguration and management.
An ADF (Automated Distribution Frame) allows operators to dynamically migrate to
newer access technologies [21] [14]. The new equipment, placed next to the existing one,
can also be connected to the distribution frame. When subscribers request an upgrade
of their service, their new service becomes available in a matter of minutes by a simple
change in the automated distribution frame (see figure 2.6). This automated system does
not require a technician any more and saves a lot of truck rolls. Imagine how much truck
rolls it would need for a (sub)network of a few thousand subscribers to upgrade to a newer
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service in a time frame of two years. Additionally, when part of the subscribers have
already migrated to the new service, the lines of the remaining subscribers can be grouped
together and reconnected to less equipment, making more room for the newer equipment
[26] [25], a task that would be very difficult in a manually configured distribution frame.
Traditionally, testing of the lines was performed from the central office (CO), but with
a fiber-copper network, testing from the CO becomes more difficult [14]. In an overlay
FTTC solution (figure 2.6), the copper from the cabinet to the central office is only used
for POTS (or ADSL) and is filtered in the cabinet to split the POTS from the VDSL
(with the DSLAMs connected to fiber). This filter makes it more difficult to test the line
between the subscriber and the cabinet. In a deployment scenario where the cabinet is
only connected upstream by fiber, the centralized testing of the copper lines becomes even
impossible. In order to test the copper lines from the CO, a test head can be connected to
the automated distribution frame [23] [26] [14]. In this way, no truck rolls are needed to
test a line.
Another advantage of using an automated distribution frame is that when equipment fails,
for example a port on a DSLAM, the subscriber can be reswitched to another port and
does not need to wait for a technician to solve the problem [25] [14].
It is also possible for a competing communication provider (OLO in figure 2.6) to place
equipment in the same cabinet by a sort of hosting agreement. With equipment of multiple
providers connected on the same ADF, customers can easily switch between providers
without manual intervention [14].
An automated distribution frame could save the operator a lot of energy. Not only are
a lot of truck rolls avoided, the ease at which subscribers can be reswitched could also
save power [12] [27]. As all the subscriber lines are connected to different line cards on
different DSLAMs, all these line cards have to stay powered on, even if only a few sub-
scribers on the card are active during off-peak hours. By reswitching the subscriber lines,
the active users can be grouped together and connected to a few line cards or DSLAMs.
The unused line cards or DSLAMs could then be powered off. However, this system does
require a sort of wake-on-xDSL mechanism.
From the above arguments, it is clear that the most important advantage of an automated
distribution frame is cost savings on operational expenditures. This is done by automating
the processes that otherwise would need manual intervention, which becomes more and
more expensive.
2.3.2 Requirements
For an automated distribution frame to be effective, it should comply to the requirements
discussed below.
With the core of the network being more and more optically, the copper ADF will mostly
be used in street cabinets and distribution point units (DPUs). The capacity of these
systems is in the order of 600 lines for street cabinets and 50 to even 16 lines for a DPU
system [13] [28]. Note that an any-to-any switching functionality for street cabinets is in
most cases not necessary when used in the configuration of figure 2.6. However, larger
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Figure 2.6: Typical cabinet/Distribution Point Unit (DPU) with an automated distribution
frame. (Adapted from [14] and [28].)
switch matrices provide more flexibility and expansion options.
The main goal of an ADF is to save labor by automating the remote distribution frame.
In order to be effective, the system should be very reliable and have a very low failure
rate [13]. Dispatching a technician to fix a faulty ADF almost nullifies the cost savings.
The remote distribution frame should have testing and monitoring capabilities, in order to
save manual labor [13]. If a new connection is made, it should be able to remotely test
this connection. Using the ADF it should also be possible to remotely connect the line to
a test head for troubleshooting or repair.
The ADF should also be tightly integrated with the operation support system [14] [24]
[13], which is the software system that is used to manage the services, inventory, billing,
workflow, . . . In an ideal scenario, when a subscriber requests a new service, the ADF
could first test the line if it qualifies for the new service, then connect the subscriber line
to the equipment, perform another test to check if everything works, update the billing
information for the subscriber, update the inventory of the number of used ports on the
DSLAM and optionally schedule a work order in the future to replace (part of) the old
equipment by a newer one if the older one is not used any more. This all in an automated
way, in a few minutes without manual intervention.
In case of a major power failure in the ADF, the interconnections may not get lost [13],
otherwise the service is interrupted. In case of a manual distribution frame, the connec-
tions are also kept preserved. Moreover, some users still require the powering of their
phone over POTS.
Ideally, the distribution frame should provide a metallic path between the lines that mini-
mizes the impact on the used services, and preferably, also on the next technology gener-
ations.
2.3.3 Existing automated distribution frames
During the last 10 years, different automated solutions have come onto the market. Most
of them are based on robotic solutions and mechatronics, (miniaturized) electromechani-
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cal relays, or MEMS technology.
The NeXa ADF of Network Automation can be used in central office deployments, as
well as in street cabinets [21] [26] [29] [14]. The system consists of modules containing
20×20 bistable connection blocks and is scalable up to 160 000×160 000 configurations.
The switches consist of pads on a PCB and contact blocks with sledges that are moved
over these pads [30] [31]. These contact blocks are displaced using rotating positioning
screws driven by an electric motor. Using a clutch mechanism, the motor can drive a
positioning screw or it can displace itself in order to drive another positioning screw. In
this way a small module, like a 20× 20 one, can be controlled by one stepper motor and
an electromagnetic clutch.
The UTEL Automatic Distribution Frame also uses a robotic system to make connec-
tions in the distribution frame [32]. Instead of using some sort of switching technology,
conventional jumper wires are added to the frame.
Telepath Networks has developed a so-called Transparent Embedded Magnetic Switch
(TEMS) for distribution frame applications [33] [34]. The device is fabricated using
a flex-PCB process in which movable cantilevers are designed in a cavity. The switch
is actuated using an electromagnet with an iron core inside the cantilever, placed in a
magnetic field supplied by magnets. Using these magnets, it is also possible to obtain a
bistable behavior.
Similarly, Nexans uses also magnetic MEMS technology to fabricate miniaturised relays
for their Intelligent Provisioning Center Automated Distribution Frame [35].
MEMSCAP also developed a copper cross-connect bistable switch, based on the Metal-
MUMPs technology [36] [37] [38] [39] [40]. A very similar design is discussed in section
3.2.3. Here, bistability is obtained using a mechanically latching mechanism using two
thermal actuators. These two actuators, placed perpendicular to each other, are sequen-
tially driven in order to open the latch, move the contact beyond the latch, close the latch
and make contact with the latch. The actuators, fabricated using electroplating, consist of
a cold and a hot arm, anchored to the substrate at one end and anchored to each other at
the other end using a silicon nitride tether. Moreover, the hot arm is actually a set of two
beams in a u-shape, in order for the current to return. By applying a current through these
hot beams, they will heat up and expand, causing the actuator to deflect in the direction
of the cold arm. Additionally, by making use of the nitride tether, the signal path and the
drive path are electrically isolated. The switches are wafer level packaged and hermeti-
cally sealed, with connections being made using through-wafer vias. The cavity is also
filled with a specific gas in order to increase the breakdown voltage. In order to avoid
creep in the structures, a proprietary metal alloy is used.
In 2006, Lucent Technologies and Simpler Networks developed an Automated Cross Con-
nect (AXC) platform for automating the main distribution frame [23] [41] [42] [28]. The
cross connect is based on the Simpler Networks’ EZ-MDF based on MEMS technology.
Also smaller distribution frames were developed for street cabinets: the EZ-EDGE. The
switches used in the cross connect consist of two thermal actuators placed perpendicular
to each other in order to obtain a latching switch [43] (similar as the MEMSCAP de-
sign). In the mean time, Simpler Networks has changed its technology in the EZ-EDGE
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Figure 2.7: Bent-beam bistable mechanism. (Source: [46].)
to telecom relays (2015).
With different possible solutions listed above, there could be some issues with some of
them. It is argued that electromagnetic relays take too much space and are too costly
for very large distribution frames [22] [24] [44]. The robotic solutions, on the other
hand, could have some reliability and maintenance issues due to the moving parts and
are relatively slow [22] [24] [44]. A MEMS-based distribution frame however, could be
made very compact due to the microfabrication technology. Additionally, due to the batch
processing, the switching matrix could also be relatively cheap.
2.3.4 MEMS-based bistable switch matrices in literature
In literature, lots of MEMS switches can be found, used in different applications. Maybe
the largest group of MEMS switches are those for RF applications, with the most occur-
ring switch the electrostatically actuated cantilever. However, for the intended telecom-
munication application, these RF properties are not needed for the switches as their size
is relatively small compared to the wavelength corresponding with 1 GHz. At board level
however, the RF properties will become important as will be shown in chapter 7.
In order to be useful in an automated distribution frame, the switches should be truly
bistable. This means that in absence of electrical power, the switches retain their state.
Different approaches exist to obtain bistability, with the most occurring ones magnetic
systems and mechanical bistable structures.
A bistable mechanism can be obtained using a bent beam clamped at both ends [45] [46]
[47] (figure 2.7). If the apex of this beam is high enough, a stable second state is present.
However, from [45], it is known that the available force in the second state is only half the
force needed to transit to that second state. This usually requires large actuators which can
generate high forces and large displacements, and result in relatively low contact forces
compared to the size of the system. Additionally, if the structural layer is a different
material than the substrate, with a different thermal coefficient of expansion or a different
residual stress, the bistable behavior may get lost for certain temperatures [48].
In [49], a bistable microrelay is proposed fabricated using electroplated nickel (figure 2.8).
The bistability is obtained using a magnetic circuit energized by a rare-earth permanent
magnet on the backside. By placing a nickel contact between two magnetized nickel pole
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Figure 2.8: Magnetic bistable microrelay. (Source: [49].)
shoes, the contact will be drawn to one of the pole shoes due to energy minimization
effects. In this way the contact can be electrically switched to the two pole shoes. To
transit from one stable state to the other, thermal actuators are used, fabricated in SU-
8 with a meander nickel heater on the bottom. The key elements making this design
suitable for telecommunication switch matrices are the large contact travel (100 µm), the
large contact force (12.4 mN), the low contact resistance (33.8 mΩ) and the batch process
compatibility. Possible disadvantages are the need for rare-earth permanent magnets and
the dimensions of the switch which are not very small: 3.6 mm× 5.8 mm× 0.25 mm.
Braun et al. have proposed a packaged 20 × 20 double pole single throw switch matrix
on a 1.4 cm2 chip [22] [50] [51]. The matrix consists of horizontal and vertical crossbars
with switching elements on top of every crossing (figure 2.9). These switching elements
use an electrostatic S-shaped film actuator with gold contacts on the film. The thin can-
tilever film is fabricated in a cavity with one end anchored to the ceiling and the other
end touching the floor of the cavity due to mechanical stress in the film. In this way, an
S-shaped film is obtained. By electrostatic actuation between the S-shaped film and a bot-
tom electrode, the film rolls horizontally till it makes contact with the two contacts of the
crossbars. By using this S-shaped film, the actuation voltage can be reduced compared
to a normal electrostatic cantilever. The design uses the electromechanical hysteresis be-
havior of electrostatic actuators to obtain a semi-bistable switch operation. As the pull-in
voltage is usually larger than the pull-out voltage, there exists a voltage range at which
two stable states are present. The design also allows for an efficient addressing scheme
by connecting the film actuators and the bottom electrodes in rows and columns, respec-
tively, and applying adequate voltages to these rows and columns. This allows placing
the different switching elements close to each other. Despite the high compactness of the
design, the switch matrix is not really bistable. Indeed, to obtain the bistability, a hold
voltage must be applied to the rows and columns. In case of a power failure, this hold
voltage cannot be present for a long time due to leakage currents. This makes the switch-
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Figure 2.9: Electrostatic actuated switch matrix. (Source: [22].)
ing elements not really bistable and so, not suited for remote distribution frames or street
cabinets.
2.4 Conclusion
As the bandwidth in the access network increases, newer technologies appear. As a fully
optical access network (FTTH) is too costly, several fiber-copper solutions are now being
deployed. The consequence of these solutions are more cabinets or DPUs in the field
which need to be reconfigured and managed. With the traditional way of manually adding
jumper wires, this is not economical any more. For this reason, an automated distribution
frame would be a more efficient method.
As the existing systems today exhibit some scalability, cost, or reliability issues, the fea-
sibility of a MEMS-based distribution frame will be studied in this work. These can be
made relatively small and have the advantage of the batch fabrication techniques, which
lowers their price.
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3
MEMS technology
In this chapter, the MEMS technology will be described which will be used for the
remainder of this work. Also, some first designs based on the author’s master’s
thesis are discussed. Next, a new latching switch is proposed in an attempt to place
more devices on a chip. As the switches will be used for high-voltage signals, the
breakdown voltage as a function of gap separation was also investigated.
3.1 MetalMUMPs
The MEMS devices designed in this work were fabricated in the MetalMUMPs technol-
ogy [1]. This MEMS technology is part of the Multi-User MEMS Processes (MUMPs)
program offered by MEMSCAP [2] and provides cost-effective proof-of-concept MEMS
fabrication. In the MUMPs program, multiple designs of different users are located on
a shared wafer in order to reduce the processing costs. In this way, MEMS processing
becomes economically more accessible. But, as the process run is shared with multiple
users, the technology is fixed. Although, designed to be as general as possible to enable
the fabrication of different devices, the technology was originally developed to fabricate
relays, operated using thermal actuation.
The main structural layer in the technology consists of electroplated nickel, which has
a low resistivity compared to polysilicon for example and is very suited for conducting
signals. Also, the possibility to plate the sidewalls of this nickel layer with gold allows to
create low-ohmic contacts, ideal for switches. Furthermore, using the nitride, it is possi-
ble to create mechanical linkages with electrical isolation. In this way, a signal-carrying
beam can be moved without disturbing the signal with a drive voltage. With nickel having
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a coefficient of thermal expansion that is five times larger than that of polysilicon, thermal
actuation is an effective method for generating motion. This can be done by directly ap-
plying current through the nickel structure or by heating the structure using a polysilicon
resistor. In order to reduce the heat loss to the substrate, a trench can be etched into the
substrate, which provides thermal isolation. As the goal of this work is to design a bistable
MEMS switch matrix, the MetalMUMPs technology is very suitable for this design.
3.1.1 Process flow
The process flow of the MetalMUMPs technology together with the design rules are de-
scribed in [3]. In the following, a summary is given for completeness.
The process flow starts from a high-resistivity N-type silicon substrate on which a 2 µm-
thick silicon oxide (Isolation Oxide) is grown for electrical isolation (figure 3.1a). Next,
a 0.5 µm-thick PSG (phosphosilicate glass) layer is deposited and patterned using the
OXIDE1 mask (figure 3.1b). This layer is a sacrificial layer which will be used to release
some structures. Together with the NITRHOLE mask, it also defines the location of the
trench that will be etched into the substrate at the end of the process flow. Subsequently,
the first 0.35 µm-thick silicon nitride layer (Nitride1) and the 0.7 µm-thick polysilicon
layer (Poly) are deposited, and the poly layer is patterned using the POLY mask (figure
3.1c). The nitride layer can be used to create mechanical connections while still providing
electrical isolation. It also serves as a protection layer for the polysilicon and the substrate
during the etching steps. After the patterning of the polysilicon, the second 0.35 µm-
thick nitride layer (Nitride2) is deposited (figure 3.1d) and etched using the NITRHOLE
mask (figure 3.1e). During this etch, the underlaying Nitride1 is also etched, but if a
Poly layer is embedded in the two nitride layers, only the Nitride2 layer will be etched.
The accessible areas on the die where the nitride is removed will form a trench in the
final etching step. In order to release the main structural layer from the Nitride2 layer, a
second sacrificial PSG layer with a thickness of 1.1 µm is deposited (Oxide2, figure 3.1f).
This layer is patterned using the METANCH mask in order to make connections to the
substrate, the nitride, or the exposed polysilicon (figure 3.1g). Using a liftoff process, a
10 nm-thin Cr layer and a 25 nm-thin Pt layer are deposited in the areas where the Oxide2
is just removed (figure 3.1h). The complete wafer is then covered with the Plating Base,
consisting of 500 nm Cu and 50 nm Ti (figure 3.1i) and will be used for the Metal plating
in the next steps. Next, the wafer is coated with a photoresist and patterned with the
METAL mask (figure 3.1j). In this way, a stencil is formed in which 20 µm-thick nickel
can be electroplated using the Plating Base (figure 3.1k). On top of this nickel layer a
0.5 µm-thick gold layer is also electroplated. The stencil is then removed (figure 3.1l).
In order to plate the sidewalls of some Metal structures, a new stencil is created using a
bloated version of the GOLDOVP mask. In these exposed areas, the Plating Base is then
etched away (figure 3.1m). The bloated stencil is removed, and is replaced by the normal
stencil as defined in the GOLDOVP mask. The exposed Metal parts are now electroplated
with a 1–3 µm-thick gold layer (figure 3.1n), which can be used to provide a reliable low-
ohmic contact. The reason for using two stencils, the bloated one and the normal one, for
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Table 3.1: MetalMUMPs material properties.
Parameter Value Ref.
E 180 GPa [4]
α 12× 10−6 K−1 [5]
kn 90.5 W m
−1 K−1 [4]
ρn(300K) 0.072 Ω µm [6] ( [5])
ksn 25 W m
−1 K−1 [4]
kp 32 W m
−1 K−1 [4]
ρp 17.85 Ω µm [7]
ξp 0.0018 K
−1 N/A
ka(T ) 9.97× 10−3 + 5.89× 10−5T [8]
the gold plating step is to remove the Plating Base along the edges of the normal stencil.
Indeed, using a single stencil to remove the Plating Base and to plate the sidewalls could
result in extra plated gold along the edges of the normal stencil at the exposed sides of
the Plating Base. Next, also this stencil is removed (figure 3.1o) and the remaining part
of the Plating Base is etched away (figure 3.1p). During the release of the structures, an
HF solution removes the two PSG layers (Oxide1 and Oxide2) together with the Isolation
Oxide (figure 3.1q). In the last step of the process, a 25 µm-deep trench is etched using
KOH in the areas not covered by silicon nitride (figure 3.1r).
3.1.2 Material properties
In table 3.1, the key material properties of nickel (n), polysilicon (p), and silicon nitride
(sn) are tabulated. Although there exists some spread on the reported values, the values
matching best with the measurements performed in the early stage of this work were se-
lected. The temperature coefficient of resistance of the polysilicon ξp was experimentally
determined. These values were also used in the simulations further in this work.
The nickel structural layer exhibits a residual stress of 100 MPa at room temperature [3]
[7]. In order to calculate this stress at 0 ◦C, a slab of the stressed material is released,
resulting in a strain given by:
xx 20◦C = −σxx 20
◦C
E
+ ν
σyy 20◦C
E
= −σxx 0◦C
E
+ ν
σyy 0◦C
E
+ α∆T, (3.1)
with σ the stress, E Young’s modulus, ν the Poisson’s ratio, α the coefficient of thermal
expansion and ∆T being 20 ◦C. With σxx 20◦C and σyy 20◦C both equal to 100 MPa, the
residual stress at 0 ◦C becomes:
σxx 0◦C = σyy 0◦C =
α∆TE
1− ν + σxx 20◦C , (3.2)
which results in 162 MPa. This also corresponds with a reported strain of 900× 10−6 [9].
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(a) Isolation Oxide. (b) Oxide1.
(c) Nitride1 and Poly. (d) Nitride2.
(e) Nitride etch. (f) Oxide2.
(g) Oxide2 etch. (h) Metal anchor.
(i) Plating base. (j) Stencil for metal plating.
(k) Metal plating. (l) Remove stencil.
(m) Bloated stencil GoldOvp and etching plating
base.
(n) Remove bloated stencil. Put stencil GoldOvp
and gold plating.
(o) Remove stencil. (p) Remove plating base.
(q) Etch oxides. (r) Etch trench.
Figure 3.1: MetalMUMPs process flow.
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Superimposed on the residual stress in the structure, also a stress gradient is present [10].
This gradient on average amounts to−4.72 MPa µm−1 and results in a downwards bend-
ing of the structures.
Despite the elasticity of the nickel being described by Young’s modulus, there are limita-
tions on this elasticity. As nickel is a ductile material, too high stresses will result in plastic
deformation. A usually accepted yield strength for (LIGA) nickel is 370 MPa [11] [12],
but this value rapidly drops with increasing temperatures. At 200 ◦C, the measured yield
strength is 323 MPa, 224 MPa at 270 ◦C and only 143 MPa at 400 ◦C [11]. When de-
signing thermal actuators using nickel, it is good practice to keep the stress levels below
200 MPa, especially at locations with high temperatures. Additionally, in [13], measured
data on LIGA Ni samples under fully reversed loading (σmax/σmin = −1) showed that
a stress amplitude of 400 MPa results in a life time of approximately 104 cycles, while a
stress amplitude of 200 MPa results in an expected life time of approximately 106 cycles.
3.2 First designs in MetalMUMPs
This section deals with the thermal actuators and latching switches designed during the
author’s master’s thesis [14]. Due to the fabrication time of three months, there was no
time to measure these devices. Therefore, the fabricated devices were characterized at the
start of this PhD.
3.2.1 V-shaped thermal actuator
A v-shaped thermal actuator, also called a bent-beam actuator, generates motion by ther-
mal expansion. As in most thermal actuators, the thermal expansion is usually very small
and a displacement amplification mechanism is needed. In this type of actuator, a double
clamped beam is slightly bent. When the beam heats up by applying electrical current,
it tries to expand in the longitudinal direction. Because of the clamping at its ends, this
is not possible and the beam will move in the lateral direction. In figure 3.2, one of the
designed v-shaped thermal actuators is displayed. The two bent beams are anchored to
the big square pads at their ends and are supported by nitride bridges in the center. In
figure 3.3, a detailed view is shown of the fabricated device in the initial state and the
actuated state.
The electrical and electro-mechanical characteristics of the v-shaped thermal actuator de-
scribed above are shown in figure 3.4 (see appendix A for measuring displacements).
Despite the different angles of the bent beams, little variation was seen in the measured
displacement. However, the beams with a lower angle showed a slightly larger displace-
ment for the same current level. Originally designed for displacements of 45 µm, the
actuator reaches 47 µm at 420 mA (0.276 V). Higher displacements are possible with the
risk of plastic deformation, which occurs due to the high stress of the bending together
with the high temperatures. The effect of this deformation can be observed by measuring
the rest position (0pos in figure 3.4) after a certain deformation.
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Figure 3.2: V-shaped thermal actuator. Total length of the device is 2000 µm, beam width
is 10 µm.
(a) (b)
Figure 3.3: V-shaped actuator with two beams. Initial state (a), actuated state (b).
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Figure 3.4: Measured electrical and electro-mechanical characteristics of the v-shaped
thermal actuators. Angles of the beams are 0.5◦, 1◦, 1.5◦ and 2◦, with (br) or without
nitride bridges. The rest position after each applied current is also shown (0 pos).
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Figure 3.5: V-shaped thermal actuator with poly heater. Total length of the device is
2000 µm, beam width is 10 µm. Upper nitride layer not shown in order to show the poly
layer.
From figure 3.4 it is also seen that the initial position is negative and can even be below
−10 µm. This is due to the v-shape and the residual tensile stress in the electroplated
nickel (see section 3.1.2). This residual stress in the nickel could cause problems as
it counteracts the small thermal expansion in the actuator. As these thermal actuators
usually use a displacement amplification mechanism, the effect of the residual stress is
also clearly visible. Another disadvantage of this v-shaped actuator is that the thermal
expansion of the nickel (12× 10−6 K−1) is compared against the thermal expansion of
the silicon substrate (2.5× 10−6 K−1). This implies that the rest position as well as the
deflection depends on the ambient temperature. This is a very undesirable effect. A better
thermal actuator should compare the thermal expansion of a hot arm to the expansion of
a cold arm, preferably both anchored close to each other.
3.2.2 V-shaped thermal actuator with polysilicon heater
As an alternative to the direct heating by Joule heating of the metallic parts, the beams can
also be heated by a polysilicon heater underneath them. An example of such an actuator
is shown in figure 3.5.
The electrical and electro-mechanical characteristics of the actuator are shown in figure
3.6. Keeping the plastic deformation limited, the actuator reaches a displacement of 47 µm
at 22 V (12.1 mA). The advantage of the polysilicon heater is that large drive voltages are
in most cases easier to deal with than large currents. A disadvantage is the increased
power level. For the same displacement of 47 µm, this actuator needs 266 mW, while for
the direct heating only 116 mW is needed.
3.2.3 Two-hot-arm thermal actuator
The second type of actuator was based on the design in [15], where the actuator resembles
the typical heatuator [16] [17] [18] design with a hot and a cold arm. Instead of routing
the driving current along the cold arm, here, two hot arms are used to bring the second
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Figure 3.6: Measured electrical and electro-mechanical characteristics of the v-shaped
thermal actuator with polysilicon heater.
Figure 3.7: Thermal actuator based on [15]. Length of longer hot arm is 1100 µm.
drive connection back to the anchorages of the actuator. Doing so, eliminates the current
through the cold arm, which keeps the cold arm at a lower temperature. Furthermore,
using a silicon nitride connection, the two hot arms are connected to the cold arm. This
introduces thermal isolation between the hot and the cold arms, but also electrical isolation
which enables the cold arm to be used to route a signal. The actuator is depicted in figure
3.7.
The electrical and electro-mechanical characteristics of the thermal actuator are shown in
figure 3.8. The actuator can reach displacements of 43 µm with a drive current of 260 mA
at 0.46 V. The low drive impedance of the actuator (in the order of 0.5–2 Ω) is the result
of the two metallic hot arms fabricated in nickel. As can be seen from the left graph, a
strong temperature effect is present. At currents of 250 mA, the drive impedance increases
significantly because of the increased temperature. The effect of the positive temperature
coefficient of resistance is increased because of the current driving. Indeed, for a given
current, the actuator will heat up, causing its resistance to increase, which will result in
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Figure 3.8: Measured electrical and electro-mechanical characteristics of the thermal ac-
tuator. The back-bending displacements were also included.
Figure 3.9: Tip of the back-bent thermal actuator. In the fabricated structure, the tip
aligns with the leftmost tap of the measuring structure. After back-bending a negative
initial position is seen.
an even larger power supplied to the actuator. In [14], it has been shown from analytical
modeling that this can lead to thermal runaway. Above a certain current level, the voltage
goes to infinity (using simplified modeling). In reality, the actuator will melt till an open
circuit appears.
From literature it is known that when a thermal actuator is driven too far, the phenomena
of back-bending can occur [17] [18] [19]. During overdrive, the combination of stress
and high temperatures causes the hot arm to shorten. This results in a negative displace-
ment when the actuator is no longer driven. In the displacement measurements described
above, also the rest position of the non-driven actuator was measured after every (increas-
ing) current level. In figure 3.8, the results of these back-bending displacements are also
shown. The current levels of these measurements indicate the current levels applied just
before the back-bent measurement. Driving the actuator to more than 40 µm results in a
back-bent position of −5 µm. An example of a back-bent position of the thermal actuator
is shown in figure 3.9.
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(a) (b) (c) (d) (e)
Figure 3.10: Latching sequence of the two thermal actuators.
Latching switch
The thermal actuator provides enough displacement to be used in a latching switch. Using
two of these actuators, placed perpendicular to each other, a latching mechanism can be
obtained. In figure 3.10, the two actuators are sequentially driven so that the contact tips
latch into each other. First the upper actuator is driven, followed by the lower one. The
upper one is then released, followed by the lower one. The upper actuator was driven with
270 mA, the lower one with 290 mA. In the latched state, the switch exhibits a resistance
of 0.6 Ω. In chapter 5, this latching sequence will be described further.
3.3 A more compact latching switch
In this section, a new latching switch is proposed, which can be compactly stacked in
order to obtain a compact switch matrix.
3.3.1 Principle
In a latching mechanism, two independent perpendicular displacements are needed for
latching or unlatching. In most cases, these displacements are generated by two relatively
long perpendicular actuators. As the thermal expansion of the active member in a thermal
actuator is very small, a displacement amplification mechanism is usually needed. This
amplification can be obtained using a v-shaped (chevron) actuator [20] [21] or a heatuator-
like actuator [22] [15] [17] for example, both demonstrated in previous section. These
types of actuators are relatively long and using them in a latching switch generally results
in a large L-shaped switch taking a lot of chip area (figure 3.11a).
In the classical latching switch (figure 3.11a), the first actuator (indicated by F1) needs to
generate a displacement such that the corresponding contact tip moves over at least the
contact overlap. Next, the second actuator (F2) must move the second contact tip over
at least the contact spacing and twice the contact width. After the release of the first and
the second actuators, the contacts are pressed against each other with a force given by the
stiffness of the second actuator and the corresponding signal beam. In most cases, this
contact force cannot be made very large as the second actuator and corresponding beam
should be compliant as these usually have to displace over the largest distance.
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Figure 3.11: Principle of classical latching switch (a) and proposed compact latching
switch (b).
Here, a different latching switch is presented which is more compact than the classical
latching switch and in which larger contact forces appear. In this latching mechanism
(figure 3.11(b)), the first actuator (F1) moves the lower contact over a small displacement
∆ using a short lever. This small displacement allows the second contact to move down
till it aligns with the first one. After the release of the first and the second actuator,
the contacts are pressed against each other with a large force, keeping the switch in its
latched state. The contact force in this design is much larger compared to the classical
design because little displacement amplification is needed to move the first contact over a
distance ∆. Therefore, the lever at the right side can be relatively short and large forces are
available at the contact. As the first actuator needs to generate only small displacements,
a linear thermal actuator type was chosen (see figure 3.12). In this actuator, a u-shaped
structure expands due to the electrical current flowing through the structure. The proposed
configuration trades two moderate displacements for a larger and a smaller displacement
with the result of increased contact force and reduced chip area.
3.3.2 Design and fabrication of the latching switch
In the latching switch, two perpendicular motions are generated while the two actua-
tors are oriented in the same direction. This is possible as the first contact only needs a
small displacement (approximately 10 µm). The linear thermal actuator used for this dis-
placement consists of two 1500 µm-long beams with a width of 15 µm, and is driven by
applying current at pads Vact1 and gnd. Using the lever at the right side, the displacement
of this actuator is amplified by a factor 3.3 to obtain enough displacement for the lower
contact.
As the second contact has to move over 57 µm, a lever was also used here to amplify the
displacement of the v-shaped actuator. This v-shaped actuator, by itself, is actually also a
displacement amplifier. The v-shaped actuator has a length of 1380 µm, a width of 10 µm,
an apex of 20 µm, and is driven by applying current at pads Vact2 and gnd.
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Figure 3.12: Schematic top view and cross sections of the proposed latching switch.
In the latched state, the simulated contact force amounts to 1.33 mN, which is high com-
pared to the size of the device. This large contact force is the result of the small amplifi-
cation of the bare thermal expansion. Additionally, the horizontal signal beam connected
to the v-shaped actuator is compliant in the y-direction to obtain large displacements, but
is relatively stiff in the x-direction, which is ideal to obtain high contact forces. This in
contrast to the classical latching switch, in which the second actuator and corresponding
beam should be compliant to obtain the large displacement, but should also be relatively
stiff to obtain a high contact force.
The complete switch measures 2020 µm × 330 µm, but multiple devices can be stacked
next to each other with a pitch of 300 µm.
In the design, care has been taken to the location of the contact pads. The pad for the
linear actuator (Vact1), the pad for the v-shaped actuator (Vact2), and the shared ground
pad (gnd) are all located at the left side and could be wire bonded if this was the edge of
the die. When placing different latching switches next to each other on both sides of a
common output rail, multiple input pads (V1) can be connected to that shared output rail
(V2) running along all the switches. This facilitates the design of a latching switch matrix,
only needing connections at the edge of the die.
3.3.3 Measurements
The fabricated device (figure 3.13a) was connected using a probe station and the actua-
tors were driven by two Keithley 2401 source measure units. Driving the linear actuator
with a current of 225 mA generates a displacement of 3.4 µm, which results in a contact
displacement of 11.2 µm. The v-shaped actuator was driven with a current of 215 mA,
generating 19.6 µm of motion and a contact displacement of 56.5 µm. By sequentially
driving the first actuator, then the second, followed by the release of the first, and then the
second, the switch was able to latch into a stable closed state (figure 3.13(b)). Figure 3.14
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Figure 3.13: Latching switch in fabricated state (a) and latched state (b).
(a) (b) (c) (d) (e)
Figure 3.14: Detailed view on the contacts during the latching sequence. Fabricated state
(a), driving the linear actuator (b), driving the v-shaped actuator (c), release of the linear
actuator (d) and release of the v-shaped actuator (e).
shows the contacts in more detail during the latching sequence.
In the closed state, the switch exhibited a pad-to-pad resistance of 0.605 Ω, measured
at 10 mA. This low switch resistance is the result of the metallic structural layer and
the sidewall gold plating at the contacts. As the simulated switch resistance amounts to
0.524 Ω, the largest part of the switch resistance is due to the structure itself, with only a
very small contact resistance. This low contact resistance is due to the high contact force.
3.3.4 Some issues
Despite the functional demonstration shown above, the design exhibited some issues.
First, the design does not get well fabricated as a lot of the nitride connections were bro-
ken, resulting in a low yield. The cracks mostly occurred in the connection between the
linear actuator and the short lever. Once broken, this actuator is not able to displace the
lower contact to the right. A possible solution could be to use temporary anchors as will
be described in section 4.4.1. The nitride connection of the v-shaped actuator did not
show any cracks. A second issue is the occurrence of gold strands at the gold plated
contacts, thereby short-circuiting the contacts. As this issue also occurred with other de-
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signs, it is more extensively discussed in section 5.1.2. Another issue with this design
is its dependence on ambient temperature. Indeed, as the thermal expansion of nickel
(12× 10−6 K−1) is a lot higher than that of the silicon substrate (2.5× 10−6 K−1), a
v-shaped actuator anchored to the substrate at both ends will deflect due to a change in
ambient temperature. Additionally, as the v-shape is designed to amplify the thermal ex-
pansion, the deflection will also be very sensitive to variations in ambient temperature.
Similarly, the linear actuator anchored at the left and its lever anchored at the right create
the same problem. From simulations it is known that at an ambient temperature of only
80 ◦C, the contacts touch each other, due to the deflection of the v-shaped actuator. This
can cause reliability problems in operating environments of 70 ◦C. Additionally, normal
actuation at these temperatures will result in overdriving and plastic deformation. A mod-
ified design using reference beams to compare the intended thermal expansion against,
resulted in no functional devices due to cracked nitride.
3.4 Driving and control of thermal actuators
With exception of the v-shaped actuator with polysilicon heater, the thermal actuators
described in section 3.2 and section 3.3 are driven by applying current through the nickel
structural layer. As the conductivity of nickel is relatively high, the input impedance of
the actuator is in the order of 1 Ω. In order to supply enough power to reach the desired
temperature, high currents in the order of 250 mA are needed.
From figure 3.4 and figure 3.8, it is seen that when the actuator is current-driven, the
displacement starts to increase very rapidly at a certain point. This can be addressed
to the positive temperature coefficient of resistance. Applying current will heat up the
heating element, causing its resistance to increase. This causes an additional increase in
applied power resulting in an even higher temperature. At very high currents, this could
lead to thermal runaway. When high temperatures are needed, the resistance can increase
very rapidly, making it hard to accurately control the thermal actuator. Additionally,
spread on the thickness of the nickel structural layer causes a variation in current density
and therefore also a variation in temperature, making the deflection of the actuator very
sensitive to process parameters. The rapid increase of displacement as function of current
was also observed in the linear actuator.
Instead of being current-driven, the actuators can also be voltage-driven, which has a sta-
bilizing effect on the temperature and displacement. When multiple of these actuators are
driven using voltage control, the heating member can be connected with one connection
to a shared 0.5 V rail and the other connection to an NMOS transistor switched to ground.
However, in a final implementation, the added resistance drop of the connection from the
transistor to the heating element is not negligible. A 3.8 mm-long 32 µm-wide bond wire
from the rail to the heating element, another 3.8 mm-long bond wire from the heating
element to a PCB track, 2 cm 150 µm-wide 35 µm-thick PCB track and a 1.5 mm-long
bond wire to the transistor can have a combined (low-current) resistance of 0.38 Ω. This
is relatively high compared to the load impedance in the order of 1 Ω.
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In order to facilitate the control of a switch matrix, the use of a polysilicon heating element
was chosen for the remainder of this work. Due to the higher impedance (in the order of
1 kΩ), it is much easier to accurately control the delivered power. Additionally, as seen
in figure 3.6, the increase in displacement slows down at higher voltages, resulting in a
more stable displacement. However, because of the temperature drop across the air gap
between the poly heater and the nickel structure, it is expected that a higher power level
will be needed. In chapter 4, a thermal actuator will be designed, heated by a polysilicon
heater. This configuration will be used for the design of the switches and the final switch
matrix.
3.5 Breakdown voltage
Using MEMS technology, it is possible to design very small switches. However, too small
switches cannot be used for every application, for example when the application requires
large voltages and high isolation.
In the reference application, the switches are placed in a distribution frame just after the
primary protection circuit. This circuit clamps the lines at a voltage of 420 V. In normal
use, the lines can reach 180 V for remote powering applications. In order not to damage
the switch at such high voltages, enough separation needs to be provided, which will have
an impact on the size of the device. The necessary displacement for the actuators will also
increase if large voltages are used.
In order to design the switches with adequate isolation, different breakdown test structures
were designed with varying separation between the two electrodes. Figure 3.15 shows
three of these structures: electrodes placed on a normal substrate, electrodes connected
using a nitride bridge above a trench, and gold-plated electrodes above a trench. The
electrodes on a regular substrate occur at the anchorages of the actuators. Also the routing
of the signals and drive voltages to the edge of the die use this structure. The nitride
connection above a trench is used for the isolation between the drive voltages and the
actual signal path. The mechanical connection is then needed to move the contact pins
of the signal beam. The structure of the gold-plated contacts suspended above a trench is
used at the contact pins of the switch. Also, it allows to create a smaller spacing between
the electrodes. The nickel structural layer needs a minimum spacing of 8 µm, however,
gold plating of the electrodes reduces this spacing to nominally 4 µm.
The measurement of the breakdown voltage was performed as described in appendix B.
Summarized, a high-voltage triangular pulse is generated with a peak voltage of approx-
imately 800 V and a duration of 8 ms. The output impedance of the pulse-generating
circuit is 800 kΩ and its output voltage is monitored using an oscilloscope. Connecting
the electrodes with this generated pulse, a breakdown event can be captured by observing
the collapse of the high-impedant triangular pulse. The resulting breakdown voltages for
the three different structures are shown in figure 3.16. The breakdown voltage stays above
420 V for separations of more than 20 µm. However, in order to have some margin, 30 µm
separation is safer and will be used when designing high-voltage switches.
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(a) (b) (c)
Figure 3.15: Breakdown teststructures. Electrodes on substrate (a), nitride connection
above trench (b) and gold-plated electrodes above trench (c).
The measured breakdown voltages described above, all agree with the reported values of
breakdown voltages in air [23] [24] [25]. This implies that the nitride connection is a
good isolation structure and that it is more likely that the breakdown occurs through air,
rather than through the silicon nitride. It is observed that the spread on the voltages of
the nitride bridge and the gold contacts is a lot larger than for the electrodes on a regular
structure. It is thought that this could be caused by the roughness of the gold plating or by
some cracks and faults in the silicon nitride. The different shape in the nitride connection
could also be a cause.
3.6 Some design elements relevant for designing switch
systems
3.6.1 Conductor crossings
As a lot of conductors need to be routed on the chip, a manner to cross different conduc-
tors would be handy. Due to the relatively simple build-up of the technology, electrical
crossings can only be implemented using the metal layer and the polysilicon layer. As the
sheet resistance of the polysilicon is 22 Ω/, the conductor which uses the poly layer will
have a significant larger resistance than the conductor which uses only the metal layer. To
compare: the resistance of the metal layer amounts to 4 mΩ/. In figure 3.17a, a simple
crossing is shown, with a 10 µm-wide metal connection and a 100 µm-wide poly connec-
tion. The resulting resistances of the conductors are tabulated in table 3.2. To decrease the
resistance of the poly conductor, a wider poly structure can be made as shown in figure
3.17b. The poly conductor includes the c-shaped structure and the center conductor at the
bottom, connected by the poly layer. The resistance of this poly conductor has dropped
by a factor 4 (table 3.2) but is still not low enough for routing signals.
These examples show that a compact low-ohmic crossing of signals is not easily achieved
in the MetalMUMPs technology. Additionally, due to the low separation between the
polysilicon layer and the nickel layer on top, the breakdown voltage will be relatively low
as will be shown in chapter 5. The signals have to be routed to the edge of the die and be
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Figure 3.16: Measured breakdown voltage as a function of electrode separation. Top:
electrodes on substrate (figure 3.15a); middle: nitride connection above trench (figure
3.15b); bottom: gold-plated electrodes above trench (figure 3.15c).
crossed at the wire bond location or on the PCB. Another option is to use wire bonds on
the die itself.
3.6.2 Pin joint
In the MetalMUMPs technology it is also possible to construct pin joints connected to
the substrate, which enable rotating structures. In figure 3.18, a successfully fabricated
pin joint is shown. The device is implemented using a ring-shaped metal part which is
anchored to a ring-shaped nitride part underneath it. The inner diameter of the nitride ring
is 40 µm smaller than the metal pivot, which has a diameter of 480 µm. The nitride ring is
released by etching a trench under it. In this way, the metal ring cannot escape the pivot
and a rotary motion is possible. The disadvantage of this pin joint is the large amount
of mechanical play. As the outer ring and the central pivot are two different parts of the
device, a minimum spacing between the two must be implemented, which causes play.
In the resulting device, this play was 20 µm, which is quite large compared to the total
device dimension (800 µm).
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(a) Crossing 1. (b) Crossing 2.
Figure 3.17: Crossing of conductors in MetalMUMPs technology.
Table 3.2: Resistances of the crossing structures.
Device Rsimulated [Ω] Rmeasured [Ω]
Crossing 1 metal 0.042 0.044
Crossing 1 poly 22.51 21.6
Crossing 2 metal 0.27 0.29
Crossing 2 poly 5.70 5.4
(a) (b) (c)
Figure 3.18: Pin joint in MetalMUMPs technology. The pivot has a diameter of 480 µm.
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3.7 Conclusion
In this chapter, the process flow of the MetalMUMPs technology was described. Using a
good-conducting nickel structural layer, isolating silicon nitride connections and sidewall
gold plating, the technology is ideally suited for designing switches. Based on the work
during the author’s master’s thesis, functioning v-shaped thermal actuators and two-hot-
arm thermal actuators were demonstrated. Using this last actuator, also a latching switch
was successfully tested. In order to save chip area, a novel configuration for a latch-
ing switch was proposed which takes less area than the classical latching switch, which
usually has an L-shaped configuration. This was accomplished by trading two moder-
ate displacements for a larger and a smaller displacement. In doing so, a linear actuator
could be used to drive this smaller displacement, making it possible to align the long
v-shaped actuator and the long linear actuator next to each other, resulting in a compact
configuration. However, due to the anchoring of the structure at different locations on the
substrate, the behavior of the actuator is very dependent on the ambient temperature. An-
other drawback of the actuators is the direct heating of the structure by applying current
through the nickel structural layer, which results in very low drive impedances, high cur-
rent levels, and a difficult control over the displacement. In order to accurately control the
thermal actuators, it was decided to opt for thermal actuators with polysilicon heaters. As
the switching application requires high voltages to be switched, the necessary separation
distance between electrodes was also investigated.
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4
Thermal actuator
This chapter describes the topology and operation of the developed thermal actu-
ators. The characteristics of these actuators are modeled, simulated and verified
by measurements. Based on the outcome of this first design cycle, a second set of
actuators was designed and measured.
4.1 Introduction
As already described in chapter 3, thermal actuators using the nickel structural layer as
heating element can be difficult to accurately control. The positive thermal coefficient
of resistance causes difficulties when being current-driven, and the low drive impedance
being voltage-driven causes a significant voltage drop in the connecting traces.
To have better control over the displacement, a polysilicon heater can be used. This higher
impedance is more easily driven and the voltage driving has a stabilizing effect. Further-
more, as the actuators will be used to route signals in a telecommunication application,
also a low-resistivity signal path and high isolation are needed.
Guckel et al. have demonstrated a thermal actuator (heatuator) where asymmetric heating
is achieved in a u-shaped structure with a wider and a narrower beam [1]. This actuator
design manufactured in polysilicon [2] [3] is easily driven but cannot be used directly to
route the signal, as both cold and hot arms are used to drive the actuator. The MEMSCAP
DC switch [4] [5] (section 3.2.3) solves this problem by using a silicon nitride tether as
isolation structure, but suffers from a very low drive impedance. The v-shaped actuator [6]
[7] has already been reported with polysilicon resistive heating underneath the beams [8]
(section 3.2.2), but these devices are usually not compact when used in a latching switch.
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Additionally, they can suffer from built-in stress, a disadvantage that is not present in the
heatuator design if the beams are made equally long.
In this chapter, a thermal actuator is proposed which is based on the heatuator design, but
in which asymmetric heating is achieved using a polysilicon heater.
4.2 Actuator topology
The actuator developed in this work consists of two parallel arms: a cold one and a hot
one (see figure 4.1). These two arms are both connected to the substrate at one side and
are connected to each other at the other side. The hot arm is heated by a polysilicon
heater which is fabricated underneath it. Because of the temperature difference between
both arms, the hot arm will expand more than the cold arm, causing the actuator to deflect
sideways in the direction of the cold arm in the plane of the substrate. By transferring
the thermal expansion in the x-direction to a deflection in the y-direction, a displacement
amplification is obtained. The cold arm is subdivided in a flex part, which is narrow, and
a cold part, which is a lot wider. The cold arm will stay cooler because of its location
further away from the heater and because of the wider beam, which causes more heat loss
to the substrate. The flex part is included to make the bending of the actuator possible.
The hot arm is heated by a polysilicon resistor, embedded in two layers of silicon nitride,
underneath the hot arm. By applying a current through the resistor it will heat up, causing
the hot arm also to heat up. The poly heater is tapered out towards the end of the actuator
so that the hot arm is still heated up when the actuator is deflected. With a straight resistor,
the deflection would be limited as at a certain moment, the hot arm would bend away from
the heater. Because this heater is relatively close to the cold arm, this arm is also partly
heated, which decreases the deflection. To minimize this parasitic effect, a cutout was
made in the cold arm. Another advantage of this cutout is that the breakdown voltage
between the poly heater and the cold arm will be higher, as this cold arm will be used to
carry (high-voltage) electrical signals while the poly heater will be connected with one
side to ground or at least to a low voltage. Furthermore, the poly heater is anchored
halfway its length to prevent it from sagging. This will not happen because of gravity, but
rather by buckling as the ends are anchored and the poly heater will also have a thermal
expansion. Buckling downwards will reduce the efficiency of the actuator, while buckling
upwards will cause too much friction and the actuator will not deflect smoothly. Towards
the end, the actuator rests on a nitride bridge. This is to keep the tip of the actuator at
the same height, as the nickel exhibits a stress gradient [9], causing the nickel structure
to bend downwards. This bridge will cause some friction during movement. The cold
and the hot arms are connected at the end by means of a small nitride plate. This will
isolate both arms thermally, which will increase the efficiency of the actuator. Another
advantage is that both arms are also electrically isolated, which enables the two arms to
take on different signal voltages or to use the cold arm for one high-voltage signal. The
hot arm cannot be used for high voltages as the distance to the poly heater is too short.
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Figure 4.1: 3-D model of the thermal actuator with polysilicon heater. Upper nitride layer
not shown in order to display the poly heater. Beam length is 1000 µm.
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Figure 4.2: Geometery of the thermal actuator.
4.3 Analysis
In this section, an electro-thermo-mechanical model is developed to calculate tempera-
tures, heater resistance, tip displacement, stresses, and forces inside the thermal actuator.
In the modeling, the analysis is reduced to a 1-dimensional model to simplify the calcu-
lations. First, the temperature distribution as a result of the dissipated power in the poly
heater is estimated. Next, the temperatures are used to calculate the thermal expansion
and the displacement of the actuator. During the mechanical analysis, stresses are also
calculated. For the following modeling, the geometrical parameters are shown in figure
4.2. The physical dimensions of the device are tabulated in table 4.1.
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Table 4.1: Geometric properties of the thermal actuator (all dimensions in µm). See figure
4.2 and 4.5.
Parameter Value
lf 300
lh 1000
lc 700
θ arctan(15/1000)
wh 10
wc(x)
{
10 , 0 ≤ x ≤ 300
60− 30/700(x− 300) , 300 < x ≤ 1000
g(x)
{
30 , 0 ≤ x ≤ 300
30 + 30/700(x− 300) , 300 < x ≤ 1000
c1 25
c2 80
le 145
la 60
tn 20
wsn(x)
{
36 , 0 ≤ x ≤ 300
36 + 30/700(x− 300) , 300 < x ≤ 1000
wnc 60
lnc 15
tsn 0.35
wp(x)
{
25 , 0 ≤ x ≤ 300
25 + 30/700(x− 300) , 300 < x ≤ 1000
tp 0.7
ta1 1.1
ta2 25
4.3.1 Electro-thermal analysis
As heat conduction is the main heat transfer method in microstructures, convection and
radiation will be neglected in this (simplified) analysis [10] [11]. The conductive heat
transfer is described by Fourier’s first law of heat conduction [12]:
q
A
= −k∇T, (4.1)
with q the heat-transfer rate, A the area, k the thermal conductivity and T the temperature
field. The parts inside the actuator are relatively long compared to their cross sections,
therefore a 1-dimensional analysis will be performed. Using above equation, a set of new
equations can be derived which describe the heat flow inside the structure. At every point
along the longitudinal dimension the net inwards heat flux from the adjacent points of the
beam plus the generated heat inside that point should be equal to the total heat loss in
that point towards the substrate or other parts of the structure. Because of the geometrical
shape of the heater, a simple analytical formulation is not possible. Therefore, a numeric
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approach is used here by discretizing the longitudinal edge in N points. With n the
discretized longitudinal coordinate, the heat transfer equation inside the poly heater, the
hot arm, and the cold arm are given by equations 4.2, 4.3, and 4.4, respectively.
(2ksnwsn(n+ 1)tsn + kpwp(n+ 1)tp)
Tp(n+ 1)
∆
− (2ksn (wsn(n+ 1) + wsn(n)) tsn + kp (wp(n+ 1) + wp(n)) tp) Tp(n)
∆
+ (2ksnwsn(n)tsn + kpwp(n)tp)
Tp(n− 1)
∆
+
I2ρp (1 + ξp (Tp(n)− T0)) ∆
wp(n)tp
− (Tp(n)− T0) ka(Tp(n), T0)wsn(n)Sp(n)∆
ta2
− (Tp(n)− Th(n)) ka(Tp(n), Th(n))whSh∆
ta1
= 0
(4.2)
knwhtn
Th(n+ 1)
∆
− 2knwhtnTh(n)
∆
+ knwhtn
Th(n− 1)
∆
− (Th(n)− Tp(n)) ka(Th(n), Tp(n))whSh∆
ta1
− (Th(n)− Tc(n)) ka(Th(n), Tc(n))tnShc(n)∆
g(n)
= 0
(4.3)
kntnwc(n+ 1)
Tc(n+ 1)
∆
− kntn (wc(n+ 1) + wc(n)) Tc(n)
∆
+kntnwc(n)
Tc(n− 1)
∆
− (Tc(n)− T0) ka(Tc(n), T0)wc(n)Sc(n)∆
ta2
− (Tc(n)− Th(n)) ka(Tc(n), Th(n))tnShc(n)∆
g(n)
= 0
(4.4)
With T the temperature, I the current through the heater, w and t the width and the thick-
ness, and k, ρ, and ξ the thermal conductivity, the resistivity, and the thermal coefficient
of resistivity, respectively. The indices p, h, c, and a indicate poly, hot, cold, and air
respectively, sn, n, a1, and a2 indicate silicon nitride, nickel, air between the heater and
the hot arm, and air between the heater and the substrate. T0 is the substrate tempera-
ture, ∆ is the length of a discrete element and g(n) is the gap distance between the hot
and the cold arm. The thermal conductivity of air ka(T1, T2) is calculated at the average
temperature of T1 and T2. The poly heater loses not only heat to the substrate but also
to the hot arm just above it. This outward heat flux is for the hot arm an inwards heat
flux. Furthermore, the hot arm loses also heat to the cold arm across the gap g(n). The
heat transfer between the different parts in the structure and the heat transfer between the
50 Thermal actuator
structure and the substrate also take into account a shape factor S. This is because the
heat transfer rate between a beam and a large plane is larger than the heat transfer rate
that is expected when the heat only flows perpendicular to the plane. The heat flow will
have fringes and the thermal resistance will be lower.
Above discretized differential equations need a set of boundary conditions to be solved.
At the anchorage of the hot and the cold arm the temperature is equal to substrate temper-
ature:
Th(1) = T0 (4.5)
Tc(1) = T0. (4.6)
The endpoints of the poly heater are also equal to substrate temperature, but because of
the connections to the heating element, the poly heater is pinned to substrate temperature
over a distance of half the poly connection:
[Tp(1)...Tp(nhalf conn)] = [T0...T0] (4.7)
[Tp(nhalf conn′)...Tp(N)] = [T0...T0]. (4.8)
The final boundary conditions describe the heat flow at the endpoints of the hot and the
cold arms. Because the two metal blocks, anchored to the silicon nitride, are relatively
wide, they are assumed isothermal. The heat flow at the end of the hot or cold part is equal
to the sum of the heat flow through the nitride part and the heat flow from the anchored
part to the substrate. This results in following boundary conditions:
−knwc(N)tn
(
Tc(N)
∆
− Tc(N − 1)
∆
)
− (Tc(N)− T0) ka(Tc(N), T0)wnc
(
la +
lnc
2
)
Se
ta2
− (Tc(N)− Th(N)) 2ksnwnctsn
lnc
= 0
(4.9)
−knwhtn
(
Th(N)
∆
− Th(N − 1)
∆
)
− (Th(N)− T0) ka(Th(N), T0)wnc
(
la +
lnc
2
)
Se
ta2
− (Th(N)− Tc(N)) 2ksnwnctsn
lnc
= 0,
(4.10)
with wnc and lnc the width and the length of the nitride connection between the two
blocks, and la the length of the anchorage. Se is a shape factor describing the heat flow
between the two anchored blocks and the substrate.
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Above equations make use of shape factors to account for the excess heat flow caused by
the two-dimensional fringing of this flow. In [13], an empirical formula has been proposed
that describes the shape factor for heat flow between a line shaped beam and a large plane
parallel to that beam. The proposed expression is:
S =
t
w
(
2
g
t
+ 1
)
+ 1. (4.11)
with t andw the thickness and the width of the structure and g the elevation of the structure
above the plane. Using this formula, the shape factors for the poly heater and the cold arm
become:
Sp(n) =
2tsn
wsn(n)
(
ta2
tsn
+ 1
)
+ 1 (4.12)
and
Sc(n) =
tn
wc(n)
(
2ta2
tn
+ 1
)
+ 1, (4.13)
respectively. For an estimation of the shape factor of the anchorage, the part is seen as a
(short) line shaped structure, connecting the cold and the hot arm. The shape factor here
becomes
Se =
tn
wnc
(
2ta2
tn
+ 1
)
+ 1. (4.14)
To simplify the analysis, the shape factor for the heat transfer between the hot and the
cold arm (Shc) and the shape factor for the heat transfer between the poly heater and the
hot arm (Sh) are calculated for the situation in which the actuator is fully deflected. In
this case, the cold arm is only heated by the hot arm and not by the poly heater, which
is an approximation. The isothermal plane halfway the gap between the cold and the hot
arm is parallel to the sidewalls of the beams, so the heat flow from the hot to the cold arm
is the same as the situation in which the hot arm loses heat to a plane halfway the gap at
a temperature which is the average of the two beams. A schematic representation of the
heat transfer in this situation is depicted in figure 4.3a. The heat transfer in this situation
can be calculated by the same temperature gradient (half the temperature difference and
half the gap distance), with the shape factor calculated with half the gap distance. This
results in:
Shc(n) =
wh
tn
(
g(n)
wh
+ 1
)
+ 1. (4.15)
Sh is also calculated for the case where the actuator is fully deflected (figure 4.3b). In this
situation, the shape factor consists of half the shape factor as in the situation of a large
plane and half the vertical heat flow. Sh is thus given by:
Sh =
1
2
(
tn
wh
(
2ta1
tn
+ 1
)
+ 1
)
+
1
2
. (4.16)
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Figure 4.3: Estimation of the shape factors Shc (a) and Sh (b).
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Figure 4.4: Modeled and simulated temperature profiles inside the actuator. Model:
11.4 V, 10.4 mA; Sim1: 11 V, 10.4389 mA; Sim2: 11 V, 10.3359 mA.
The difference equations together with the boundary conditions were put in a matrix de-
scription giving: [
A
] TpTh
Tc
− [B] = 0, (4.17)
where A contains the coefficients of the temperatures and B the terms independent of
temperature. Tp, Th and Tc are column vectors containing the sought temperatures. As
the thermal conductivity of air ka is a function of temperature, the temperature profiles
were calculated in an iterative way. Starting with an initial guess for the temperature,
the difference equations together with the boundary conditions are solved with a matrix
inversion. The newly found temperatures were then used as a new initial guess. The
process was stopped once the difference between two consecutive solutions was small
enough.
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Figure 4.5: Mechanical loads in thermal actuator.
The resulting temperature profiles together with finite-element simulations are shown in
figure 4.4. The simulations were performed in CoventorWare [14] by enclosing the struc-
ture in a large volume of air (1500 µm× 500 µm× 200 µm) which boundaries were kept
at room temperature. At the heater connections, a voltage was applied. Simulation Sim1
was performed on the undeflected structure, Sim2 was performed on the deflected struc-
ture which corresponds to the applied voltage (see section 4.3.3). As can be seen on the
figure, the model makes a relatively good prediction of the temperature profile. The de-
viations can be addressed to the simple one-dimensional modeling and the shape factors,
while the simulation takes into account the full 3-dimensional temperature distribution.
4.3.2 Thermo-mechanical analysis
In the following section, the displacement and the stress in the structure will be calculated,
making use of the temperature distribution in the structure. The geometry of the structure
is simplified to the schematic in figure 4.5, with its physical dimensions listed in table 4.1.
If the restrictions of fully anchoring of point 0 in figure 4.5 are removed, the point will
translate a distance:
δ =
∫
lh
α (Th(x)− T0) dx−
∫
lc+lf
α (Tc(x)− T0) dx. (4.18)
Assuming that the CTE, α, is temperature independent, only the average temperature of
the hot arm Th and the average temperature of the cold arm Tc are needed.
To keep point 0 at its original place, fully anchored, two reaction forces Fx and Fy , and
a reaction moment Mz are needed. These reactions cause the following normal forces in
the flex, cold, and hot part:
Nf = −Fx
Nc = −Fx cos θ − Fy sin θ
Nh = Fx,
(4.19)
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and the following bending moments in the flex, cold, and hot part:
Mf =Fys−Mz
Mc =Fylf −Mz − Fxc1 − Fx sin θs+ Fy cos θs
Mh =− Fylf +Mz + Fxc1 + Fx tan θlc − Fylc
− Fxc2 + Fys+ Fs+M,
(4.20)
with s the distance variable in every separate part. To simplify the problem, the sections
[1−2], [3−4] and [4−e] (figure 4.5) are assumed rigid. Also dummy loads F and M are
included for displacement and force calculations (see further). The displacement of the
structure can be calculated using Castigliano’s second theorem, stating that an elastic de-
formation can be calculated by taking the partial derivative of the complementary energy
in terms of the load that is applied at that point and in the considered direction [15]:
ui =
∂U∗
∂Fi
. (4.21)
It is assumed that the material is linear elastic so that the complementary energy is equal
to the strain energy: U∗ = U , with the last one equal to:
U =
1
2
∫ lf
0
N2f
EAf
ds+
1
2
∫ lc
cos θ
0
N2c
EAc
ds
+
1
2
∫ lh
0
N2h
EAh
ds+
1
2
∫ lf
0
M2f
EIf
ds
+
1
2
∫ lc
cos θ
0
M2c
EIc
ds+
1
2
∫ lh
0
M2h
EIh
ds,
(4.22)
with E being Young’s modulus, and A and I the cross-sectional area and the second
moment of area of the indicated part, respectively. The tensile residual stress in the nickel
structure is not taken into account here, as both the hot and cold arm are equally long.
Tip displacement
The elongation calculated above can now be used to calculate the tip displacement. Using
Castigliano’s theorem, the following set of equations are obtained:
∂ U |F=0,M=0
∂Fx
= −δ (4.23)
∂ U |F=0,M=0
∂Fy
= 0 (4.24)
∂ U |F=0,M=0
∂Mz
= 0, (4.25)
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Figure 4.6: Modeled and simulated tip displacement as function of beam elongation.
which give a solution for the reaction forces Fx, Fy and Mz . The tip displacement ue is
then calculated as:
ue =
∂U
∂F
∣∣∣∣
F=0,M=0
+ le
∂U
∂M
∣∣∣∣
F=0,M=0
. (4.26)
Figure 4.6 shows the calculated tip displacement and the displacement obtained from
finite-element analysis. As seen on the figure, the calculated results are in good agreement
with the simulated results. The small deviation can be addressed to the twisting in the
nitride connection, which is not included in the model as section [3−4] was assumed rigid.
This twisting of the nitride is caused by a moment My which originates from the fact that
the nitride connection is located 10 µm below the center of the hot and cold beams. The
hot arm in compression and the cold arm in tension creates a torsional moment in the
nitride connection because of this lower-located nitride.
With the reaction forces and reaction moment known, the normal forces and bending
moments in every section can now be calculated. Because of the long beams in the x-
direction and the bending in the y-direction, the dominant stress will be the σxx compo-
nent. For this geometry, σxx results in:
σxx = −Mzy
Izz
+
N
A
, (4.27)
with Mz the bending moment in the z-direction, N the normal force, and Izz and A the
second moment of inertia and the area of the cross section, respectively. Figure 4.7 shows
the resulting σxx stress for an elongation of 2.25 µm. As can be seen, the model can
predict the stress quite good. The deviation at the transitions between different parts is
caused by two-dimensional effects, which were not included in the model.
As the main stress component is σxx, it is a good estimate of the von Mises stress, which is
shown in figure 4.8. The von Mises stress at the sidewalls matches well with the modeled
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Figure 4.7: Modeled and simulated σxx for an elongation of 2.25 µm. Both stresses at the
inner (in) and outer (out) side are shown.
results, with the deviations caused by two-dimensional effects at the transitions between
the subparts. The largest stress occurs in the flex part with stresses up to 140 MPa.
Latched state
Again, using Castigliano’s theorem, the forces in the actuator can be calculated when the
actuator is not heated but forced to a given displacement ul, which happens when the
switch is in the latched state. The equations then become:
∂U
∂Fx
= 0 (4.28)
∂U
∂Fy
= 0 (4.29)
∂U
∂Mz
= 0 (4.30)
∂U
∂F
+ le
∂U
∂M
= ul (4.31)
M = Fle, (4.32)
which give a solution for Fx, Fy , Mz , F and M .
The latched switch needs enough contact force to obtain a low-ohmic contact, therefore
the spring constant needs to be sufficiently high. Figure 4.9 shows the contact force for
various latched displacements. The model slightly overestimates the force, which can be
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Figure 4.8: Simulated von Mises stress for δ = 2.25 µm, which results in a tip displace-
ment of 43 µm.
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Figure 4.9: Modeled and simulated tip force in the latched state.
addressed to the twisting of the nitride, which causes less tensile stress in the hot arm and
less compressive stress in the cold arm.
A higher contact force usually implies higher stresses in the structure. The stress distri-
bution of an actuator latched at a displacement of 38 µm is shown in figure 4.10. With
exception of the transitions between different parts, the stress is well predicted.
The von Mises stress in the latched state is shown in figure 4.11. In the latched state the
actuator exhibits larger stresses than when it is actuated to the same displacement. This is
because in this state, the hot and the cold arms are equally long, so the structure tries to
bend in an s-shape, which can also be derived from figure 4.10.
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Figure 4.10: Modeled and simulated σxx for a latched displacement of 38 µm.
Figure 4.11: Simulated von Mises stress for a latched displacement of 38 µm.
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Figure 4.12: Iterative process in a coupled electro-thermo-mechanical simulation.
4.3.3 Electro-thermo-mechanical analysis
To calculate the deflection as a function of the applied voltage, the analysis from section
4.3.1 and section 4.3.2 needs to be combined. In the electro-thermal model, the average
temperatures of the hot and the cold arm are calculated and transfered to the thermo-
mechanical model. This can be done as the coefficient of thermal expansion is assumed to
be temperature independent. A similar approach is used in the finite-element simulations:
the average temperatures of the hot, cold, and flex part are calculated, and these three
temperatures are transfered to the thermo-mechanical simulation. Here the cold arm was
split up in the flex and the cold part because an average temperature of the complete cold
arm would give a result close to the temperature of the cold part, because it contains more
volume. Using an average temperature for the flex part and one for the cold part is a more
accurate modeling of the real situation. The width of the cold part is not uniform, so it
could also be argued that the calculation of the average temperature will be closer to the
temperature of the widest section. Despite this being true, the error is expected to be very
small as the temperature in the cold part is relatively constant as can be seen in figure 4.4.
A more accurate simulation, however, should also take into account that the thermal dis-
tribution depends on the deflection of the actuator. Indeed, in the deflected state the cold
arm will be spaced further away from the poly heater, resulting in a lower temperature of
this arm. Also, this arm will be closer to the edge of the trench, causing more heat loss
to the substrate. As the temperature of the cold arm will decrease, the actuator will de-
flect further. To accurately determine the temperature distribution an iterative approach is
needed, schematically shown in figure 4.12. In order not to redraw the actuator every time
a new deflection is calculated, the actuator was drawn for a few deflections including the
as-fabricated state. It should be noted that the deflected structures were actually rotated,
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pivoting at the anchorage of the flex part as can be seen on figure 4.13. Subsequently, all
these structures were electro-thermally simulated (see figure 4.13) for a sweep of voltages
and both the average temperatures of the hot, cold, and flex part and the current through
the heater were extracted. Starting from the temperatures of the as-fabricated structures,
the deflection was simulated in an thermo-mechanical simulation. Next, these deflections
were looked up in the list of drawn deflected structures and the interpolated values for the
temperatures, using the electro-thermal simulations, were then used in the next thermo-
mechanical simulation. The iteration process was stopped when consecutive temperatures
were almost equal. The results of this process is shown in figure 4.14, in which it is seen
that convergence is very rapidly achieved. It can also be seen that the average temperature
of the hot arm does not change a lot when deflected. The cold and the flex part, however,
cool down when the actuator is deflected. As already mentioned, this is caused by the
increased distance between the cold arm and the poly heater but also by the decreased
distance to the trench edge.
Because of the lower temperature of the cold arm, the displacement will be higher than
without the iterations. Figure 4.15 shows the electrical and the electro-mechanical charac-
teristics of the actuator. From the figure, it is seen that the result of the model is actually
closer to the simulated result without iterations (Sim init), despite that the model was
calculated for the deflected state. This can be attributed to the simplistic modeling with
shape factors. Additionally, these shape factors did not include the edges of the trench
that caused the extra cooling down of the cold arm. It should also be mentioned that the
deflected structures that were used for the electro-thermal simulation were actually ro-
tated, so for a given tip displacement, the average distance between the poly heater and
the cold arm will be larger than in the case where the structure is bended like it would do
in reality. This means that the cooling down of the cold arm because of the deflection will
in reality be slightly less than figure 4.14 suggests.
Because of the computational growth and the labor intensive task of redrawing the struc-
ture, only simulations without the iterations will be performed in the following. Addi-
tionally, it does not make much sense to further increase the accuracy of the model or the
simulation if the material properties are not accurately known. It is also expected that the
material properties and layer thicknesses will change from run to run and from wafer to
wafer.
4.4 Measurements
The electro-mechanical characteristics were measured on a probe station, with the probes
connected to a SMU, reading the voltage and the current applied to the heater. The dis-
placement was then captured using a camera mounted on the microscope. The actual
displacement of the actuator was then calculated using an image-processing algorithm
implemented in Matlab and explained in detail in appendix A. Summarized, the algo-
rithm determines the location of both a reference object and a tracking object by using
a two-dimensional cross-correlation function. The difference between both (expressed in
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(a)
(b)
Figure 4.13: Temperature distribution in the actuator, driven by 11 V. Initial position (a)
and displaced position (b).
pixels) is then converted to micrometers using the measurement of a reference structure
of known size.
The as-fabricated and actuated thermal actuator is shown in figure 4.16. Figure 4.17
shows the modeled, simulated and measured characteristics of the thermal actuator. Good
agreement is seen between the model, the simulation and the measured results. Displace-
ments of 45 µm are possible with an excitation of 12 V and 11 mA. It is observed that the
actual resistivity of poly is slightly less than simulated. This could be due to process vari-
ations as the resistivity of the poly varies ±13 % around its typical value [16]. Another
cause may be an overestimation of the TCR in the model and in the simulations. To make
things worse, it is also possible that the simulated temperature profile overestimates the
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Figure 4.14: Average temperatures of the subparts during the iterative process.
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Figure 4.15: Modeled and simulated electro-mechanical characteristics.
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(a) Initial position.
(b) Actuated state.
Figure 4.16: Fabricated thermal actuator. The actuated device is driven by 12 V, 10.8 mA.
real temperature profile. Because of the large number of unknowns, no further effort was
done to calibrate the material parameters.
Another observation on the displacement curves in figure 4.17 is that used actuators (not
actuated for the first time) exhibit an offset. This could be caused by plastic deformation
of the beams in the actuator, accelerated by the high temperatures. This is the so-called
back-bending of the thermal actuator. Another possible cause may be friction, impeding
the actuator to return to its initial position.
4.4.1 Fabrication problems
Despite some devices were working well, a lot of devices were not functional due to
fabrication problems. The first problem was the cracked nitride in the connection between
the hot and the cold arm, causing these two arms to be mechanically disconnected. An
example is shown in figure 4.18. Upon excitation of the poly heater, the hot arm will still
expand, but no lateral movement will occur. It is thought that this problem is caused by
thermal stress when the structure is not yet completely released. A solution could be to
design a larger anchor which makes the nitride connection more rigid. Also reducing the
spacing between the hot and the cold anchor could result in less probability of cracking.
In the design manual [16], it is mentioned that released nitride anchored to metal may
cause cracking of the nitride. To reduce the chance of this cracking, a method of tempo-
rary anchors is proposed by removing Oxide1 under the nitride part in such a way that
during the HF release, the nitride part will not be sufficiently under-etched to release the
structure. In the next release step, the KOH trench etch, the temporary anchors will be
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Figure 4.17: Measured, modeled and simulated electro-mechanical characteristics of the
thermal actuator with polysilicon heater.
Figure 4.18: Cracked nitride between the hot and the cold arm.
undercut, thereby releasing the nitride part (illustrated in figure 4.19). The only question
now remaining is where to place these temporary anchors and how large these should be.
If they are too small, they will be etched away during the HF release, making them use-
less. If they are too large, the KOH trench etch will not be able to undercut these anchors
and the structure will not be released, resulting in a useless device. Furthermore, the loca-
tion of these anchors may also be important as they have to catch up the stress imbalance
during the release.
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(a) (b)
(c) (d)
(e) (f)
Figure 4.19: Releasing anchored nitride. Usual way (left) and using temporary anchors
(right).
4.5 Second generation actuators
As mentioned in the previous section, the nitride plate connecting the cold and the hot arm
suffers from cracking during the fabrication process. To limit the chance of this nitride
cracking, temporary anchors underneath this nitride plate were included in the new design.
Also, a more rigid connection was made at the connection between the hot and the cold
arm.
As seen in figure 4.4, the temperature distribution of the poly heater is not well bal-
anced. In the narrower part of the heater, the temperature is higher because of the higher
current density. A more balanced temperature distribution would increase the average-
temperature-over-maximum-temperature ratio, which will be beneficial for the reliability
of the actuator. Also the efficiency will increase with a more balanced temperature profile
as it is better to heat up the hot arm in the middle instead of closer to its anchorages.
For this reason, the poly heater will not be tapered out, but will have an uniform width.
However, to be able to heat up the hot arm when it is fully deflected, the heater will be
bent to mimic the shape of the deflected hot arm.
Keeping the telecommunication application in mind, the actuators should be able to carry
high voltages. In chapter 5, it will be shown that the breakdown voltage between the
hot arm and the poly heater of the actuator described above can be as low as 100 V.
For this reason, the hot arm above the poly heater should not be used for high-voltage
signals. Also the spacing between the signal-carrying beam and other current paths will
be increased to withstand higher voltages. Indeed, from the breakdown experiments in
section 3.5, a separation of 30 µm has been suggested. This also implies that a larger
actuator displacement is needed as the spacing between the contacts of the switch will
also be larger. To achieve this, the actuators will be made larger to overcome the large
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Figure 4.20: 2000 µm-long high-voltage actuator. Upper nitride layer is not shown in
order to display the poly layer.
Table 4.2: Geometric properties of the 2000 µm-long high-voltage actuator (all dimen-
sions in µm).
Parameter Value
lh 2000
lc 1400
lf 600
wh 20
wc(x) 120− 601400 (x− 600)
wf 20
g(x)
{
60 , 0 ≤ x ≤ 600
60 + 601400 (x− 600) , 600 < x ≤ 2000
wp 50
spacing, preferably with enough margin to increase the reliability of the switch.
4.5.1 High-voltage thermal actuators
Implementing above considerations into the thermal actuator design, a new set of actua-
tors was designed with the first one shown in figure 4.20. Here, the actuator carries only
one signal using its cold arm, which will also increase the reliability of the contact that
is made in the switch (see chapter 5). As the actuator is designed to have a spacing of at
least 30 µm between the cold arm and other conductors, the spacing at the contact points
of the switch should also be at least 30 µm, which means that a tip displacement of 60 µm
is necessary. In order to obtain reliable operation after thousands of cycles, which could
cause back-bending, enough margin should be provided on this displacement. For this
reason a larger actuator is needed. The dimensions of this actuator are summarized in
table 4.2.
At the anchorage of the hot and the cold arm to the nitride plate, also a spacing of 30 µm
has to be applied. Implementing this spacing in a structure similar to the anchorage of
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the original thermal actuator with polysilicon heater (section 4.2) would make the nitride
connection extremely fragile. Therefore, the anchorage of the hot and the cold arm was
made more rigid by enclosing the hot anchorage by the signal conductor. To further
limit the possibility of cracking, temporary anchors were placed underneath the nitride
plate. These temporary anchors measured 30 µm × 30 µm and one was placed under the
anchorage of the hot arm, and two were placed under the cold arm anchorage at both sides
of the anchorage under the hot arm.
As a relatively large nitride plate is now constructed, extra measures are needed to ensure
that this plate will be released successfully. According to the design manual [16], oxide
is only etched away 50 µm under a structure. Therefore, etch holes were made in the
nitride plate. A minimum number of etch holes was implemented, as these can increase
the chance of cracking.
The poly heater was implemented with a uniform width of 50 µm, which should make
the temperature profile more balanced. The heater is bent so that maximum heat transfer
occurs when the actuator is deflected. Because of this shape, the as-fabricated hot arm will
not have the heating structure underneath it towards its end. This would make a bump at
the bottom of the hot arm of 1.4 µm, which could obstruct the movement of the hot arm.
To limit this obstruction, a triangular dummy poly layer was also embedded between the
nitride layers underneath the hot arm. This makes the top surface of the heating structure
more flat as well as the bottom of the hot arm. In order not to heat up the cold arm and to
keep enough electrical isolation, a spacing of 40 µm was kept between the heating element
and this cold arm.
Figure 4.21 shows the simulated temperature profiles inside the thermal actuator for an
excitation of 14 V, 9.7 mA. The maximum temperature of the poly heater amounts to
576 K, and 540 K for the hot arm. Compared to the temperature profile of figure 4.4, the
coupling between the poly heater and the hot arm is much better. This can be attributed
to the better balancing of the temperature profile of the poly heater.
Driving the actuator with a voltage of 14 V results in a displacement of 79 µm, which
provides enough margin for a latching switch. The resulting stress distribution at this
excitation is displayed in figure 4.22. The maximum stress occurs in flex part and amounts
to 125 MPa.
The designed actuators were successfully fabricated as can be seen in figure 4.23. It was
also observed that the poly heater and the nitride bridge warp due to the thermal expansion
of the heater.
The simulated and measured electro-mechanical characteristics of the actuator are shown
in figure 4.24. Good agreement is seen between simulation and measurements. From
figure 4.24, it is also seen that friction can impede the movement of the actuator. In the
range of 4 V to 7 V the measured displacement can sometimes be far below the simulated
one. The larger deflections suffer less from friction. This friction probably originates
from the contact between the cold arm and the nitride bridge.
To obtain a latching switch, two actuators are needed. For the accompanying actuator,
the same actuator could be used, which was the case for the DPST low-voltage switch
(chapter 5). However, the two actuators have different functions and different require-
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Figure 4.21: Temperature profile inside the 2000 µm-long high-voltage actuator, driven
by 14 V.
Figure 4.22: Simulated von Mises stess in the 2000 µm-long high-voltage actuator for an
excitation of 14 V.
(a) Initial position.
(b) Actuated.
Figure 4.23: Fabricated 2000 µm-long high-voltage actuator. The actuated device is
driven by 14 V, 9.9 mA.
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Figure 4.24: Measured and simulated electro-mechanical characteristics of the 2000 µm-
long high-voltage actuator.
Table 4.3: Geometric properties of the 1500 µm-long high-voltage actuator (all dimen-
sions in µm)
Parameter Value
lh 1500
lc 1050
lf 450
wh 20
wc(x) 100− 401050 (x− 450)
wf 20
g(x)
{
60 , 0 ≤ x ≤ 450
60 + 401050 (x− 450) , 450 < x ≤ 1500
wp 50
ments. The actuator designed above will be used to move the contact points to another
position and will also require the largest displacement: the contact spacing added to twice
the width of the contacts. The actuator described below will be used to open or close
the latch. This actuator only needs a displacement larger than the overlap of the contacts
and is generally smaller than the required displacement for the movement of the contacts.
This smaller displacement can be implemented with a smaller actuator.
The geometrical parameters of this smaller actuator (1500 µm-long high-voltage actuator)
are summarized in table 4.3. Also here a spacing of at least 30 µm was implemented for
isolation and breakdown purposes. The anchorage of the hot and cold arm, the dummy
poly and the poly heater are similarly implemented as in the previous actuator.
The temperature profiles in the actuator for an excitation of 13 V, 11.4 mA were simu-
lated, resulting in a maximum temperature in the poly heater of 649 K and a maximum
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(a) Initial position.
(b) Actuated.
Figure 4.25: Fabricated 1500 µm-long high-voltage actuator. The actuated device is
driven by 13 V, 11.7 mA.
of 599 K in the hot arm. A driving voltage of 13 V results in a tip displacement of 55 µm
with a maximum stress of 150 MPa, located in the flex part.
As the actuator is similar to the previous one, also here no fabrication problems occurred,
and the devices worked properly as seen in figure 4.25. The electro-mechanical charac-
teristics are shown in figure 4.26. The effect of friction is also here visible around 5 V.
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Figure 4.26: Measured and simulated electro-mechanical characteristics of the 1500 µm-
long high-voltage actuator.
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Figure 4.27: Improved smaller actuator, hot-arm length measures 1000 µm.
4.5.2 Improved smaller actuators
The actuators from section 4.2, suffered from cracked nitride. Using temporary anchors
and making a c-shaped connection at the nitride plate, these cracks can be avoided (section
4.5.1). However, when designing smaller actuators, this nitride connection is quite large
and does not allow a compact stacking.
Here, two thermal actuators are designed with a comparable size of the one in section
4.2, one with a hot-arm length of 1000 µm and one with a length of 1200 µm. The first
one is shown in figure 4.27. In order to obtain a compact nitride plate, the c-shaped
anchoring was abandoned and a simple straight connection was made. To minimize the
risk of cracking, the separation was reduced to 10 µm and the length of the connection
increased to 120 µm. Underneath the nitride plate, temporary anchors were implemented.
Implementing these adaptations resulted in no cracks being observed, demonstrating the
use of this adapted structure. The more compact connection will also be implemented in
chapter 7.
Figure 4.28 and 4.29 show the resulting electrical and electro-mechanical characteristics
of the two actauators. The 1000 µm-long actuator reaches 44 µm at 13 V and 7.8 mA.
With a maximum temperature of 693 K in the poly heater and 603 K in the hot arm. The
maximum stress amounts to 145 MPa in the flex part. The longer actuator reaches 51 µm
at 14 V, 7.3 mA, with a maximum temperature of the poly of 657 K and 584 K for the hot
arm. The maximum stress amounts to 130 MPa.
Comparing the performance of the shorter actuator (1000 µm-long improved actuator)
with the performance of the actuator of section 4.2 (figure 4.17), shows that the original
thermal actuator with polysilicon heater requires 132 mW to achieve 44 µm displacement,
while the newer one only requires 101 mW. Both actuators have the same hot-arm length,
the same gap between the hot and the cold arm, and the same width for the flex part and
the hot arm. Additionally, the maximum temperature of the poly heater is more than 65 K
lower, thereby increasing the lifetime of the actuator. This shows the importance of a
constant current density in the poly heater, which creates a temperature profile that better
matches with the one of the hot arm.
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Figure 4.28: Measured and simulated electro-mechanical characteristics of the 1000 µm-
long improved actuator.
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Figure 4.29: Measured and simulated electro-mechanical characteristics of the 1200 µm-
long improved actuator.
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4.6 Conclusion
In this chapter, thermal actuators have been designed using a polysilicon heater. A semi-
analytical electro-thermo-mechanical model has been developed which predicts the simu-
lated results very well. Because of some fabrication issues and the small spacing between
the poly heater and the signal carrying hot arm, a second generation of actuators has
been designed which performs very well. The measured characteristics match with the
simulated ones.
Using the polysilicon heater makes the drive impedance of the actuator a lot higher com-
pared to the direct Joule heating of the nickel layer. This lower current requirement will
ease the design of larger switch matrices as the current losses will be lower. As the higher
impedance now requires a higher driving voltage, a high-voltage technology will be nec-
essary for the driver chip.
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5
Latching switch
In this chapter, latching switches are designed, based on the thermal actuators de-
signed in chapter 4. The switches were fabricated and their switching capability and
contact performance was measured.
5.1 DPST low-voltage switch
5.1.1 Design
The thermal actuator with polysilicon heater designed in section 4.2 is now used to build
a latching switch. As the actuator consists of two electrically isolated nickel beams, two
signals can be conducted in the actuator. By using the latching mechanism applied on this
actuator a double-pole single-throw (DPST) switch can be constructed. Figure 5.1 shows
two of these actuators, placed perpendicular to each other to obtain a latching switch. The
left actuator will be called the second actuator, the right one the first actuator, as the right
one has to be actuated first in order to close the switch. Driving the first actuator causes
it to move in the positive x-direction, driving the second actuator makes it move in the
positive y-direction. By actuating the first, then the second, followed by the release of the
first ,and then the second, the switch is put in a stable latched state. Unlatching happens
by running through the sequence in the reverse order. The latching mechanism not only
saves power, it also has the advantage of being actively opened, rather than to rely on
the restoring spring force of the structure. This reduces the risk of contact stiction. In
the switch topology, the second actuator could also be mirrored around the x-axis with
the contacts above those of the first actuator, but in that case the resistance of the inner
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Figure 5.1: Latching DPST low-voltage switch. The upper nitride layer is not shown in
order to display the poly layer.
conductor would be a lot larger than that of the outer conductor as the cold arm is wider
than the hot arm. Because the design is intended to switch differential signals, the more
symmetrical configuration of figure 5.1 was chosen.
In order to get the switch in the latched state, the actuators must be able to provide enough
displacement. The second actuator has to displace a distance of the sum of both the con-
tact widths and the gap between those contacts. The minimum feature size of the nickel
structure that can be fabricated according to the design rules is 8 µm [1]. With a side-
wall gold plating of 1–3 µm, this results in contact beams of nominally 12 µm wide. To
prevent unwanted contact caused by plastic deformation or friction, the nominal contact
spacing was chosen to be 14 µm. This demands a minimum tip displacement of 38 µm.
The simulated results in figure 4.17 show that a displacement of 41.8 µm is possible with
a voltage of 11 V. The first actuator has to deflect a displacement of at least the amount
of overlap between the contacts, which was chosen to be 24 µm.
Figure 5.2 shows the simulated latching switch during the different stages of the sequence.
The driving voltages were 10 V for the first and 11.5 V for the second actuator. The
resulting contact displacements in the x-direction for the first actuator amount to 34 µm
for the inner contact and 37 µm for the outer one. For the second actuator both contacts
move 44 µm in the y-direction.
During actuation with 11.5 V, temperatures in the actuator can be relatively high. The
maximum temperature of the hot arm amounts to 644 K while the poly heater can reach
temperatures up to 787 K. The high temperatures for the poly heater are not really a
problem. For the hot arm, however, these temperatures should probably not be raised any
further as the yield strength becomes very low at these temperatures (see chapter 3 or [2]).
Latched state
Being able to get the contacts displaced enough to reach the latched state is one thing.
When the switch is latched and the second actuator cools down, the stress in the structure
may not cause too much plastic deformation. Indeed, the latching mechanism makes it
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Figure 5.2: Latching sequence of the DPST low-voltage switch. Simulated results: first
actuator (vertical) driven at 10 V, second one (horizontal) at 11.5 V.
possible to store large amounts of mechanical potential energy in its structure. This stored
energy is needed as it determines the contact force for a given latched displacement.
In figure 5.3, the von Mises stress inside the structure is displayed. This stress reaches a
maximum of approximately 260 MPa in the flex and the hot part of the second actuator,
both at the outer sides.
In its latched state, the total contact force amounts to 366 µN, which is (not necessarily
equally) divided over the two contacts. Because the second actuator exerts a force in the
negative y-direction onto the contacts of the first actuator, and because these contacts are
set off in the x-direction with respect to the hot arm of the first actuator, this first actuator
will move in the x-direction due to the applied moment. Simulations show that the inner
contact of the first actuator will move 4.1 µm in the x-direction and the outer contact
4.3 µm. The contact beams of the first actuator were implemented as to compensate for
possible differences in contact spacing by enabling more compliance.
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Figure 5.3: von Mises stress inside the latched DPST low-voltage switch.
Switch resistance
Because the signal is routed using the beams of the actuator, the shape of the actuator
has a large influence on the switch resistance. The simulated resistance of the inner line
is 0.544 Ω, and 0.554 Ω for the outer line . The actual switch resistance will be slightly
higher as the contact will also exhibit some resistance.
5.1.2 Measurements
Latching mechanism
As already mentioned previously, a minimum actuation voltage of 11 V is needed to be
able to latch the switch. In figure 5.4, the switch is displayed during the latching sequence,
with the first actuator driven at 10 V and the second one at 11 V. A more detailed view is
shown in figure 5.5. The second actuator provides enough displacement to get its contacts
past the contacts of the first actuator. The switch is able to close and remains in the
closed state with no further energy needed. By applying the reverse sequence the switch
is opened, returning back to its fabricated state.
Breakdown voltage
The breakdown voltage of the switch puts an upper limit on the voltage range for which
the switch can be used. To estimate this breakdown voltage, the setup from appendix B
was built. Summarized, it creates a triangular pulse of 8 ms width and maximum voltage
of 800 V. This node was connected to the probes using a 1 MΩ resistor and the voltage
across the probes was captured on an oscilloscope using high-voltage probes. The voltage
at which the waveform collapses for the first time is considered as the breakdown voltage
for these experiments.
Typical breakdown waveforms are shown in figure 5.6. The breakdown between the con-
tacts was measured by probing the hot arm of one actuator and the cold arm of the other
actuators at their anchors. These voltages varied between 400 V and 440 V with an aver-
age of 430 V (resulting from 4 measurements). Typical waveforms are shown in figures
5.6a and 5.6b. The breakdown tests between the hot and the cold arm of a single actua-
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(a) (b)
(c) (d)
(e)
Figure 5.4: Latching sequence of the DPST low-voltage switch: fabricated state (a), actu-
ation of the first (lower) actuator with 10 V (b), actuation of the second (upper) actuator
with 11 V (c), removing the voltage from the first actuator (d) and removing the voltage
from the second actuator (e). The switch is now latched in its closed position. Unlatching
happens in the reverse order.
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(a) (b)
(c) (d)
(e)
Figure 5.5: Detail of the contacts during the latching sequence of the DPST low-voltage.
See figure 5.4.
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(b) Breakdown between contacts.
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(f) Breakdown between poly and hot arm.
Figure 5.6: Breakdown waveforms of the DPST low-voltage switch.
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Figure 5.7: Damaged poly heater after breakdown event.
tor were also carried out by probing on the anchors of both parts. Seven measurements
showed a variation in the range of 440 V to 520 V with an average of 490 V. Figures 5.6c
and 5.6d are typical waveforms. From these measurements it seems that the switch can
handle signal peaks up to 400 V, but this is only true when the poly heater is electrically
floating. In this case, it takes the voltage of the upperlaying hot arm. However, in a real
application, it is not practical to disconnect both ends of the poly heater. In addition, these
connection transistors should be able to handle the large voltages of the signal. In a more
practical driving scheme, one of the ends of the poly heater will be connected to a fixed
voltage and the other end is switched to ground by a transistor. In this case the switching
transistor only has to handle the 11 V for switching the resistor. This is a limitation for
the usable voltage range of the switch: fixing one end at a fixed voltage limits the voltage
range of the signal through the hot arm as the spacing between both is very small (1.1 µm).
Figure 5.6e and 5.6f show the waveforms of the breakdown between the hot arm and the
poly heater. As expected, this breakdown voltage is relatively low, ranging between 100 V
and 160 V (6 measurements). It was also observed that a permanent conducting path can
be formed after breakdown between the poly heater and the hot arm. The breakdown is in
most cases very destructive as shown in figure 5.7: a part of the heater is broken, thereby
making current flow in this heater impossible.
Contact resistance
The initial contact resistance of both inner and outer signal arm ranged between 0.59 Ω
and 0.67 Ω. To investigate the degradation of this contact resistance, the switch was cycled
on and off, and the resistance of both the inner and outer signal arm were measured in the
closed state with 1 mA. Figure 5.8 shows the contact resistances over the number of
latching cycles. The measurement was carried out on three different devices, with the
only difference between them, the latched displacement (38 µm, 34 µm and 40 µm). This
variation in latched displacement also causes a variation in contact force. As seen in figure
5.8, the inner contact can become unstable when cycling more than 15 000 cycles. If the
contacts of the first actuator are equally spaced as the contacts of the second actuator, the
outer contact will have more contact force than the inner one in the latched state. Indeed,
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Figure 5.8: Contact resistance over latching cycles. Top: 38 µm displacement, middle:
34 µm displacement, bottom: 40 µm displacement. Measured at 1 mA.
because of the bent second actuator, the inner contact of the second actuator will make
contact to the first actuator further towards its end than the outer contact of the second
actuator. This causes an increase of the apparent contact spacing of the second actuator,
causing less contact force on the inner contact.
The switch has the advantage of being very compact, routing the signal along the hot and
the cold arm. The disadvantage is that one of the contacts can become unstable because
the contacts have too little compliance. Increasing this compliance, by making the contact
beams more flexible, could solve the problem of one contact being unstable, but this will
decrease the total contact force, also causing less stable contacts.
Fabrication problems
As already mentioned in chapter 3, the contacts suffered from gold strands, thereby short-
circuiting these contacts. An example is shown in figure 5.9. In order to find the cause
for this problem, the process flow of the MetalMUMPs technology is studied again. After
the deposition of the nitride and poly layers, a plating base of Cu and Ti is deposited
over the complete wafer. Next, a photoresist stencil is patterned and the Metal layer is
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Figure 5.9: Gold strands along the photoresist window of the gold plating step.
electroplated in this stencil, starting from the plating base. The photoresist is removed
and a new photoresist layer is applied. This photoresist is patterned using a modified
mask for the gold plating: the windows that have to be made in the photoresist are larger
than specified. This is followed by a removal of the plating base in the areas of the larger
window that was just created. The photoresist is then stripped and a new photoresist layer
is applied and patterned with the mask for the sidewall gold plating, this time creating
the correct window size. The exposed Metal parts in the window are then electroplated
with gold. The photoresist is again removed and the plating base is stripped. Finally, the
structures are released by etching the oxides and by etching the trench.
The use of the two patterning steps for the gold plating, the one with wider windows and
the normal one, is needed to be sure that the plating base is completely removed during
gold plating. If this plating base is not removed, two metal parts will be connected by a
sheet of gold-plated plating base. If the plating base is removed in a certain window, but
then directly followed by a plating step in the same window, the edges of the plating base
along the window edge will probably also be plated. By making use of a wider window in
the first step, no gold can be plated to the plating base in the second step with the smaller
window.
Apparently, something went wrong in these processing steps and gold strands are formed
along the edges of the larger window as can be seen in figure 5.9. It is thought that during
the gold plating, the plating base was still (partly) accessible, causing these edges to be
plated too. Figure 5.10 visualizes this situation. This could happen when the photoresist
partly releases from the substrate around the windows during the gold plating, thereby
plating the edges of the plating base. This possible explanation is further argued by the
fact that a lot of (probably photoresist) residues were found on the chips. Similar gold
strands were also found on other designs in other fabrication runs.
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Figure 5.10: Possible explanation for the gold strands: the edges of the plating base are
accessible during gold plating. (The process flow is shown in figure 3.1.)
5.2 SPST high-voltage switch
5.2.1 Design
Similarly as in section 5.1, a latching switch is designed using actuators of the second gen-
eration (section 4.5). The switch uses the 1500 µm-long and 2000 µm-long high-voltage
actuators for the first (vertical) and the second (horizontal) actuator, respectively. The
resulting switch is displayed in figure 5.11.
As the entire switch is designed to have a spacing of 30 µm between the signal-carrying
beams, the contacts should also be spaced at least 30 µm apart. With a contact spacing of
32 µm and 13 µm-wide contact points, a minimum tip displacement of 58 µm is needed
for the second actuator. Further, a contact overlap of 34 µm was chosen, which also sets
the minimum necessary displacement of the first actuator.
Figure 5.12 displays the simulated movements of the actuators in the latching sequence.
The thermal actuators provide enough displacement (with some margin) at 13 V for the
first actuator and at 14 V for the second one. The contact tip of the first actuator displaces
over a distance of 54 µm, the second one over a distance of 79 µm.
The actuators were designed so they can operate at lower temperatures than the ones used
in the previous design (section 5.1). At the above electrical excitations, the first actuator
reaches a maximum temperature of 649 K in the poly heater and 599 K in the hot arm. For
the second actuator, the maximum temperature of the poly heater amounts to 576 K, and
540 K for the hot arm. These lower temperatures should reduce the plastic deformation
and ensure a more reliable operation.
Latched state
When the contacts are latched, strain energy will be built up in the structure as the second
actuator cools down. In figure 5.13, the von Mises stress in the latched structure is shown.
The maximum stresses occur in the hot arm and in the flex part at both their anchorages
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Figure 5.11: Latching SPST high-voltage switch.
Figure 5.12: Sequential movements of the thermal actuators in a latching switch. Latch-
ing: top to bottom, unlatching: bottom to top. Simulated with Vact1 = 13 V and
Vact2 = 14 V.
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Figure 5.13: Simulated von Mises stress in the latched switch.
to the substrate. The stress remains below 210 MPa, which is low enough to minimize
yielding at room temperature.
With stresses in the structure at acceptable levels, the strain energy will also determine the
contact force. A too low force will result in an unreliable contact. Simulations show that
the contact force amounts to 590 µN, which should result in a reliable contact resistance
[3] [4].
Switch resistance
As the signal is routed along the cold arms, these will have an effect on the total switch
resistance. The sum of the resistances of both the cold arms amounts to 0.323 Ω.
5.2.2 Measurements
Latching mechanism
The latching switches were successfully fabricated and were able to latch into the closed
state. Figure 5.14 shows the latching sequence of the switch. The first actuator was driven
by 12 V, the second one by 13 V. A more detail view on the contacts is displayed in figure
5.15. It is seen that the switch can easily be latched and that the actuators provide enough
margin on their displacements.
Breakdown voltage
In this switch, only one signal is switched along the cold arms and the hot arms are
supposed to be connected to ground. As previously mentioned, the breakdown voltage
between the hot arm and the poly resistor is relatively low, for this reason the voltage
of the hot arm should be close to the one of the poly resistor. A floating hot arm could
also cause problems as the chance exists that the (very high) resistivity of the nitride plate
could also charge up the hot arm to high voltages, thereby causing a breakdown between
this hot arm and the heater.
For the above mentioned reason, the breakdown of the signal-carrying cold arm to the
other parts of the actuator was measured while grounding the hot arm and the poly heater.
Typical breakdown waveforms of this configuration are shown in figure 5.16a and 5.16b.
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Figure 5.14: Latching sequence of the SPST high-voltage switch.
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Figure 5.15: Detail of contacts during latching sequence.
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(a) Breakdown between line and actuator (1500).
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(b) Breakdown between line and actuator (2000).
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(d) Breakdown between contacts.
Figure 5.16: Breakdown waveforms of the SPST high-voltage switch.
From 5 measurements, the average breakdown voltage amounts to 500 V and ranged be-
tween 460 V and 530 V. Measurements between the contact electrodes of the switch
resulted in an average breakdown voltage of 590 V, ranging between 560 V and 610 V (3
measurements). Typical waveforms are shown in figure 5.16c and 5.16d.
The damage of above breakdown experiments is shown in figure 5.17, where the nitride
plate between the cold and the hot arm is cracked during a breakdown event .
Contact resistance
The initial contact resistance was measured to be 0.354 Ω, which is very close to the sim-
ulated one, which means that the largest part of this resistance is due to the structure itself
and not due to the actual contact. This low resistance is the result of a nickel structural
layer and the sidewall gold plating at the contacts. Also, the signal is routed along the
cold arms, which are relatively wide in order to cool down and provide enough stiffness.
The advantage of these wide arms is the low resistance of the signal path.
As observed in the measurements and also indicated in [5], the contact resistance drops
as a function of time. To characterize this effect, the switch was cycled through a latched
and unlatched state, measuring the switch resistance 2 s after every closure. For every
1000-th closure, the switch resistance was measured during 100 s.
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Figure 5.17: Damaged nitride after breakdown event. The squares are etch holes.
The results of this cycling test for a measuring current of 100 µA is shown in figure 5.18,
which also included the resistance of the bond wires and the PCB track (estimated to be
0.3–0.5 Ω). During the first 30 000 cycles the initial switch resistance remains below 3 Ω,
but then reaches values up to 20 Ω. However, if the contact is kept closed, the resistance
drops to low values even if the initial switch resistance was relatively high. The maximum
resistance after 100 s amounts to 1.154 Ω.
The same experiment was also carried out for a measuring current of 50 mA, which re-
sulted in the switch resistance shown in figure 5.19. Here, the switch resistance remains
below 2 Ω for the full cycling range of 100 000 cycles. Because of the low resistances, the
effect of the resistance decrease is less pronounced. After 100 s the resistance was below
1.516 Ω.
The cycling measurements as described above with two current levels was carried out on
multiple switches with similar results. In figure 5.20, the measurement was performed at
100 µA on a switch very similar to the SPST high-voltage switch, with the only difference
being a narrower cold arm of the second actuator. After 100 s, the maximum resistance
amounts to 0.994 Ω. A measurement at 50 mA is displayed in figure 5.21. Also here
the resistance remains low (below 3.5 Ω) for the entire cycling range. The maximum
resistance after 100 s was measured to be 2.063 Ω.
The decrease of contact resistance over time can be addressed to creep of the contact
asperities, thereby increasing the effective contact area [5] [6]. At higher current levels,
the creep rate is increased because of the higher temperatures in the asperities due to the
higher current density. This causes the asperities to blunt more rapidly, resulting in a
higher contact area and a lower contact resistance for higher measuring currents. In [6],
it is argued that at high currents, the asperities rapidly melt, resulting in a larger contact
area. This could also be a viable theory, however, creep also occurs as it was observed
that the resistance drops over the complete period of 100 s.
It was also observed that the resistance rises every consecutive latching cycle between
two long closures, and that after a long closure the resistance is generally lower than
before the long closure. An example at both current levels is shown in figure 5.22 but the
same behavior was also observed in the other measurements. This degradation of contact
resistance could be due to contact surface roughening because of the repeated cycling.
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The long closure then makes the surface more flat, resulting in a lower contact resistance.
This also indicates that in a real application, the average resistance will be lower than
figures 5.18 or 5.19 suggest, as the latched time will be much higher for every cycle
because the switch matrix only needs to be reconfigured now and then, with frequencies
of maximum a few times a day.
Current handling
In order to investigate the current handling capability of the latching switch, the switch
resistance was measured for different current levels. The resulting switch resistances are
shown in figure 5.23a. For low current levels, the switch resistance is approximately
0.35 Ω, what was already measured previously. For higher current levels, however, the
resistance starts to increase due to thermal effects. Because of the large width of the
cold part, it is expected that the 20 µm-wide flex part will heat up the most, causing the
resistance increase.
Because of the temperature rise of the (normally-)cold arm, the structure starts to behave
as a thermal actuator, but this time deflecting in the other direction. This causes the
contacts to be pressed even harder against each other. These large contact forces cause a
large compressive stress into the cold arm, especially in the flex part. This stress, together
with the increased temperature, eventually cause plastic deformation, bending the actuator
to a more positive rest position. To characterize this effect, the position of the contact tip
of the second actuator was measured in state0 and state3 after applying a given current
level. These states are the initial state and the state just before closure of the contact in
a latching sequence, respectively. The measured positions of these two states are shown
in figure 5.23b. From the figure, it can be seen that a current level of 500 mA causes too
much plastic deformation. In the open state of the switch (state0), the plastic deformation
reduces the contact gap from the designed 30 µm to 5 µm, which is unacceptable. This
deformation is also seen in state3, showing tip displacements up to 89 µm.
Due to the large contact forces and the high current levels in the small contact area, contact
stiction was observed for current levels of 500 mA, but not at current levels of 400 mA
(switched only a few times). In these cases, the actuation of the second actuator, could
not release the two contacts. Actuation of the first actuator, however, did result in the
separation of the contacts. Despite being able to open the switch, it is expected that this
will degrade the contact very fast.
From above resistance, plastic deformation and stiction considerations, it is best not to
use the switch for currents above 400 mA. The long-term effects of long closures at high
currents or repeated cycling at high currents has not been investigated here.
Timing
Figure 5.24 shows the driving waveforms of the switch being latched and unlatched. A
5 V DC voltage was switched over a 1 kΩ resistor. The polysilicon resistors of the thermal
actuators were connected to the drains of two switching transistors of the driver described
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Figure 5.18: Resistance as a function of the number of cycles measured at 100 µA. 2 s
after closure (top), and 1 s and 100 s after closure every 1000 cycles (bottom). Resistance
of PCB-tracks and bond wires included.
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Figure 5.19: Resistance as a function of the number of cycles measured at 50 mA. 2 s
after closure (top), and 1 s and 100 s after closure every 1000 cycles (bottom). Resistance
of PCB-tracks and bond wires included.
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Figure 5.20: Resistance as a function of the number of cycles measured at 100 µA. 2 s
after closure (top), and 1 s and 100 s after closure every 1000 cycles (bottom). Resistance
of PCB-tracks and bond wires included.
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Figure 5.21: Resistance as a function of the number of cycles measured at 50 mA. 2 s
after closure (top), and 1 s and 100 s after closure every 1000 cycles (bottom). Resistance
of PCB-tracks and bond wires included.
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Figure 5.24: Timing sequence.
in chapter 6, and driven by a PWM voltage of 15 V at 2.6 kHz. The first one was driven
by a duty-cycle of 0.63 (D0) which results in 11.9 Vrms, the second one by a duty-cycle
of 0.75 (D1) which results in 13.0 Vrms.
Due to the thermal actuation, the switch is not expected to be fast compared to capacitive
actuation. As seen on figure 5.24, there is a certain delay between the moment the second
actuator stops being driven and the closure of the contact. Similarly, a delay is seen
between the driving of the second actuator and the opening of the contact. In a latching
sequence, 4.19 ms are typically needed after the deactivation of the second actuator to
close the contact (figure 5.25). In an unlatching sequence, it takes typically 11.29 ms
from the activation of the second actuator to open the contact (figure 5.26).
Due to this thermal delay, the switch needs a timing scheme of 3×50 ms to latch properly.
Shorter timing schemes (e.g. 3×12 ms) result in less overlap of the contacts. Figure 5.27
shows in detail the latched contact for different timing schemes with t01 the time only
actuator 1 is active, t10 the time only actuator 2 is active, and t11 the time both actuators
are active. This reduced overlap occurs when in a latching sequence the first actuator
takes too long to go back to its initial position. When both actuators are being driven and
the current through the first actuator stops, this actuator should be in its neutral position
in less than t10 + 4.19 ms. As the contacts are not fully overlapping in figure 5.27d, this
indicates that the exponential decrease of the temperature of the first actuator has not yet
reached room temperature after approximately 16 ms.
During the measurement, the phenomena of contact bounce was also observed (figure
5.28). This multiple switching of the contacts can degrade the contacts faster than one
would expect from the number of closures of the switch.
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Figure 5.25: Waveforms of closing switch. Top: second actuator stopped being driven,
bottom: electrical connection being made.
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Figure 5.26: Waveforms of opening switch. Top: second actuator started being driven,
bottom: electrical connection being broken.
(a) t01 = t10 = t11 =
49.61ms. Approximate
overlap 37 µm.
(b) t01 = t10 = t11 =
37.21ms. Approximate
overlap 35 µm.
(c) t01 = t10 = t11 =
24.81ms. Approximate
overlap 31 µm.
(d) t01 = t10 = t11 =
12.40ms. Approximate
overlap 26 µm.
Figure 5.27: Latched SPST high-voltage switch for different durations of latching se-
quence. Notice the varying overlap of the contacts.
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Figure 5.28: Waveforms of closing switch: contact bounce.
State sensing
A nice feature of the switch would be the ability to sense or read the state of the switch.
In order to investigate the possibility to sense this state, the resistance of the poly heater
of the second actuator was measured in the open and closed state of the switch. The idea
is that in the closed state, the hot arm will be located more above the poly heater, while in
the open state, this arm is only partly overlapping with the poly heater. Thus, in the closed
state more heat is transfered from the poly heater to the hot arm and the resistance of the
heater should be lower compared to the open state. By implementing a current sensing
circuit in the driver, a resistance measurement can be performed. If this value is below
a threshold value, it can be detected as a closed state. In order for this to work, enough
current should be applied to the heater, so this heater would heat up and a difference in
heat loss could be detected. Also, the current should not be too high: in the open state
a too large current will move the contact of the second actuator too much and the switch
could close. At a current of 5 mA, the temperature becomes high enough to detect this
difference in heat loss, without making contact. The contact spacing, however, is reduced
at this current level due to the temperature.
In figure 5.29, the resistances of four heaters were measured at 5 mA in the open and
closed state. As can be seen, the resistance drop in the closed state is clearly detectable.
At 5 mA, this resistance drop is in the range of 5 Ω to 6 Ω. Similarly, at a current level of
3 mA, the variation ranged between 2 Ω and 2.3 Ω, and at 1 mA the variation was barely
measurable. Despite the possibility to detect the state of the latching switch, the resistance
drop is too small compared to the spread of the resistivity of the poly layer, as can be seen
in figure 5.29. The spread on the resistances is already 6 Ω for these four devices on the
same die, meaning that this method cannot easily be used to detect the state of multiple
devices.
A possible, but complex, solution could be to save the resistance measurement for every
individual output driver in a memory, and compare the new measurements with the stored
ones. This is more complex than comparing with only one adjustable threshold value,
which can only be used if the resistance drop is significantly larger than the spread.
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Figure 5.29: Resistance of the poly heater for the two states, measured at 5 mA.
5.3 DPST high-voltage switch
5.3.1 Design
The high-voltage thermal actuators described in section 4.5.1 was extended to a DPST
(double-pole single-throw) switch. In this configuration, two signals can be switched in
parallel, which could be beneficial for switching twisted pairs. Instead of using the hot
arm as second signal wire, a second cold arm was appended to the actuator structure. This
was done to increase the breakdown voltage, as the DPST low-voltage switch (section 5.1)
suffered from low breakdown voltages between the poly heater and the hot arm.
Figure 5.30 shows the proposed latching DPST switch. The smaller actuator consists of
the same 1500 µm-long high-voltage actuator as in the SPST high-voltage design, but is
extended with a second cold arm of 60 µm wide. This second arm is connected to the
nitride plate at one end and to the beginning of the inner cold arm at the other end using
an extra nitride plate. Connecting the second cold arm to an anchorage on the substrate,
similar as the flex part would impede the deflection of the actuator. For this reason, the
connection was made using a serpentine spring of 4.75 turns with a width of 10 µm and
a swing of 150 µm. This spring catches up the displacement during bending, while still
electrically connecting the second cold arm. Compared to two straight flex parts, the
implementation of the spring makes the deflection of the actuator easier. The same spring
was also implemented in the longer 2000 µm-long double-signal high-voltage actuator.
The base thermal actuator is the same as the 2000 µm-long high-voltage actuator but with
its cold arm 20 µm narrower. In the overall switch, the spacing of the signal wires to any
other conductor or heater is at least 30 µm.
With a contact spacing of 32 µm and a contact tip width of 13 µm, a displacement of
58 µm is needed for the longer actuator. The overlap of the contacts was chosen to be
34 µm, which also sets the necessary displacement for the smaller actuator. Because now
there are two cold arms, five average temperatures were extracted from the electro-thermal
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Figure 5.30: Latching DPST high-voltage switch.
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Figure 5.31: Temperature profiles inside the 2000 µm-long double-signal high-voltage
actuator, driven at 15 V.
simulations: hot, cold1, cold2, flex1 and flex2. This was done to better mimic the temper-
ature distribution. In figure 5.31, it is seen that the outer cold arm (cold2) is approximately
20 K lower than the inner cold arm (cold1). This temperature difference will cause an ex-
tra increase in the distance between both anchorages of the hot arm because the nitride
plate will rotate slightly. If one sets the temperature of both arms equal to the average,
this rotation will not happen, causing a slight increase in the normal force of the hot arm,
causing an increase in the tip displacement.
Figures 5.32 and 5.33 show the simulated and measured electrical and electro-mechanical
characteristics of both thermal actuators. The resistance of the poly heater is very well
predicted, but the deflection in the simulations are slightly overestimated. This is probably
due to friction between the two cold arms and the nitride bridge.
Because of the second cold arm and the added spring, the actuator is less compliant than
the structure without the second cold arm. Figure 5.34 shows the von Mises stress in the
latched state. The highest stress remains below 220 MPa and was located at the anchorage
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Figure 5.32: Electrical and electro-mechanical characteristics of the 2000 µm-long
double-signal high-voltage actuator.
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Figure 5.33: Electrical and electro-mechanical characteristics of the 1500 µm-long
double-signal high-voltage actuator.
104 Latching switch
Figure 5.34: von Mises stress in the latched DPST high-voltage switch.
of the hot arm. The stiffer structure also results in a higher contact force of 810 µN, which
is divided over both contacts depending on the exact spacing of the contacts.
5.3.2 Measurements
Latching mechanism
The latching switch was successfully fabricated and was able to latch into the closed state,
as shown in figure 5.35. A more detailed view on the contacts is displayed in figure 5.36.
During the latching sequence the larger actuator was driven by 15 V, 10.3 mA, the smaller
one by 13 V, 11.6 mA.
Contact resistance
The DPST switch was tested for its reliability in a cycling test. As both contacts are
closed at the same time, there is a risk that one of the two contacts may be unstable, as the
closure of one contact may impose a restriction on the other contact. The results of two of
these tests are shown in figure 5.37. The measurements were carried out at 1 mA. As the
probes had to be moved from the actuator pads to the signal pads, there was a time period
of at least a few minutes between the closure of the switch and the measurement. Any
possible time effect as described in section 5.2.2 will be extinct, and the results should
be comparable with the ones after 100 s of the SPST version. Despite the resistances
remaining relatively low, it can be seen that the inner contact, in most cases, has a higher
resistance. The reason for this is the same as explained in section 5.1.2.
Poly resistance drop
After the cyclic testing of the switches (section 5.3.2), it was sometimes observed that the
poly heaters of the actuators were damaged. The polysilicon layer showed a path where
the material seemed modified as shown in figure 5.38.
When this type of damage occurred, the resistance of the poly heater was lowered. Fig-
ure 5.39 shows the resulting electrical and electromechanical characteristics. Where the
resistance at 5 V was initially 0.9 kΩ, the resistance after the poly degradation was ap-
proximately 0.6 kΩ.
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Figure 5.35: Latching sequence of the DPST high-voltage switch.
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Figure 5.36: Detail of contacts during latching sequence.
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Figure 5.37: Resistance as a function of number of cycles.
(a) (b)
Figure 5.38: Damaged poly heater after more than 105 cycles.
Because of this lower resistance, more power will be dissipated for a given voltage, re-
sulting in a larger temperature of the heater. This can also be seen from the slope of
the V − I-diagram. This higher temperature should result in a higher displacement, but
because of the long cycling test, this increased displacement is compensated by plastic
deformation, caused by repeated stress at high temperatures. The origin of the modified
polysilicon is not completely known. However, from figure 5.38 it can be seen that the
damage occurs where the current density is highest. In these regions the resistivity is
probably lowered.
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Figure 5.39: Electrical and electromechanical characteristics of the 1500 µm-long double-
signal high-voltage actuator. Initial actuator (init) and after the cyclic test and damaged
poly heater (damaged).
5.4 Conclusion
In this chapter, multiple latching switches were designed, all being actuated by thermal
actuators with a polysilicon heater underneath their structure. The switches were able to
latch into their closed state and showed low contact resistances.
From this chapter and the previous chapter, some failure mechanisms are now known with
respect to the designed thermally actuated switches.
During the release of the structure, there is a risk of cracked nitride. Some small cracks
are not a real problem, but if the complete nitride plate is broken, the actuator will not
work. This can be prevented if temporary anchors are employed at strategic locations.
But making these anchors too large can make the release impossible.
Another fabrication problem are the gold strands along the gold plating window. As
the MetalMUMPs technology is offered in a multi-project wafer service, no changes are
possible to the technology. However, with some practice it is possible to remove these
strands under the probe station.
When the actuator is driven at a combination of high temperature and high stress, plastic
deformation can occur. This results in a modified electro-mechanical characteristic, which
could result in a reduced tip displacement. This can be compensated by applying more
electrical power, but in a real application this is not practical as the amount of deformation
is not known in most cases. The actuators should be designed so that the stresses remain
low, specifically in the locations where temperatures are high.
In order to align the contacts of both actuators to the same height, the actuators are sup-
ported by a nitride bridge. The vertical stress gradient ensures that the actuators make
contact with that bridge. A disadvantage is the resulting friction, which can lower the tip
displacement. Additionally, as the nickel layer is plated on top of an oxide which was
deposited above a patterned nitride layer, the bottom of the nickel layer is not flat. These
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height differences could cause blocking.
During long cycling of the actuators, the poly heater can get damaged. This is probably
due to the high current densities and the high temperatures. It should be noted that this
damage occurred while the actuators were cycled for a very long time with a relatively
high current so that enough displacement was assured in case plastic deformation would
occur during the cycling.
Every spacing between two conductors has a certain breakdown voltage. However, for
applications in telecommunications, the breakdown voltage between the nickel structural
layer and the underlaying poly heater is too low. In the designs in sections 5.2 and 5.3, a
spacing of 30 µm was chosen, which is appropriate for voltage peaks up to 400 V.
Also, the contact of the switch will degrade if it is switched for a high number of cycles.
This degradation depends on the current that flows through the switch.
Eventually, it was also shown that DPST switches could suffer from a less stable contact
as the closure of one contact puts a restriction on the closure of the second one. For this
reason, SPST switches will be used in the next designs as this increases the reliability of
the contacts.
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Switch driver
This chapter describes the design, simulations, and measurements of the driver chip
that was designed to drive the thermal actuators in order to latch or unlatch the
MEMS switches.
6.1 Introduction
The actuators and switches designed in chapter 4 and 5 need a driver to latch or unlatch the
switches. As the thermal actuators require voltages up to 15 V or even higher (see chapter
7), the high-voltage technology I3T50 of ON Semiconductor [1] will be used here. Apart
from delivering the right amount of power to the actuators, the driver should also control
the timing of the latching or unlatching sequence. As multiple switches will be controlled
by the driver, a sort of demultiplexing function will also be needed.
6.2 Design
6.2.1 Controller logic
The task of the controller logic is to generate the latching or unlatching sequences that
drive the NDMOSes. The duty cycle at which the actuators are driven should be adjustable
so that the high voltage can have a common value such as 15 V or 24 V. Also, the duty
cycle of the different actuators in a single switch should be adjustable as it happens that
a switch consists of a larger and a smaller actuator, which require a different driving
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Figure 6.1: Controller logic architecture.
power. Additionally, the timing of the latching sequence should be adjustable as larger
actuators may require more time to fully deflect than smaller ones. This adjustable timing
also allows to minimize the closing or opening time so that more switching actions per
second can take place. Furthermore, because different types of switches were developed,
reconfigurable output addresses could be handy as the switches and actuators can have
different locations or stacking configurations on the MEMS chip. This means that an
arbitrary pair of drivers should be made addressable as one switch.
Besides the capabilities to control the actuators, the controller should also allow for an ef-
ficient communication, which does not require a lot of logic or a lot of I/Os. Additionally,
the communication should happen using a sort of bus protocol to save signal wires on the
board.
Description of the system
The architecture of the developed controller logic is schematically displayed in figure 6.1.
As communication scheme, the I2C protocol was chosen, because it allows an easy im-
plementation and only requires two signal wires: SCL and SDA, serving as clock and
data signal, respectively. Furthermore, because of its open drain buffers, it allows for a
bus scheme, connecting multiple modules with only one master controller. Using SCL
and SDA, bytes are clocked into the I2C slave controller. The communication is started
by sending a start bit (SCL = 1, SDA falling), followed by 8 data bits which are each
stable at SCL = 1. If the first 7 bits of the first byte match with the address of the module
and the last bit is 0, it will acknowledge the transmission (by pulling SDA low during
SCL = 1) and it continues reading the second byte, which is the register number and
is stored in a register. If this number is less than the number of data registers, it sends
an acknowledgment. The next bytes that are read in are data bytes, which are stored in
the data registers at the address dictated by the register number. After each storing of a
byte, the slave sends an acknowledgment back. To save overhead in the communication,
the register number is automatically incremented when writing multiple data bytes. The
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communication is stopped by sending the stop bit (SCL = 1, SDA rising). Also read-
ing from the slave is possible, which could be used for testing or debugging purposes but
also to check if the execution of a command is finished (see further). A read operation
starts with the start bit, followed by sending the address, followed by the register number,
similar as if a write operation is started. After the acknowledgment of the register number
from the slave, the master sends a repeated start (or sends a stop command, followed by
a start command), followed by the address of the module, followed by a 1-bit. The slave
will acknowledge and will start sending back the bytes in the data register indicated by
the register number. If the master acknowledges, the slave will send the next byte. If the
master does not send an acknowledgment, this indicates that it does not want to receive
more data and the communication is stopped by the master. This lastNACK is important
because if the slave keeps sending data e.g. a zero byte, the master will not be able to stop
the communication, as the SDA bus is pulled low by the slave.
The bytes that were written in the data registers are now used for the configuration of
the latching sequence and the PWM signals. The first register is the status/command
register. In this register, the 4 most significant bits (ooii) define which switch is dealt with.
The third bit in the register, bit c, defines if the switch needs to be closed or opened: if c is
set, the switch is closed. The first two bits (ss) are the state of the finite state machine of
the sequence generator. When a command is executed, these two bits define the start state
in the latching sequence. If the first bit is set, the first actuator is driven, the second bit is
for the second actuator. These bits do change during the execution of a command. Finally,
the fourth bit (h) is the halt bit. If this bit is set, the sequence generator will not continue
to the next state. Thus, a command is executed by setting this bit to 0, so the sequence
generator steps through the latching sequence. Once the sequence is done, the controller
sets this bit again to 1, to indicate that the task is finished. The I2C slave controller is
only allowed to write to the data registers if h = 1, so the settings do not change during
execution of a command. Reading, however, remains possible during execution. This
allows to poll the status/command register to check whether h is again set to 1, and if
not, in which state (ss) the sequence generator is. The halt bit is also handy for testing
purposes: it is possible to drive the first, the second or both actuators without proceeding
to the next state, which can be used for determining the required PWM duty cycle for
example. Once the halt bit is set to 0, the sequence generator steps through the sequence
in a closing or opening way, dictated by the c bit, with as initial state the two bits ss. The
time the sequence generator stays in each state is defined by the second (t01), third (t10),
and fourth (t11) registers. These are the times that respectively only the fist actuator, only
the second actuator, or both actuators are driven. These registers are compared with the
8 most significant bits of the 21-bit timing register timestep, which is incremented each
clock cycle. Because of the coding style, a register value of 0 will result in a timing of 1
clock period, which will not have an effect on the actuators. The time spent in state xx is
thus given by:
t = max
(
1
fCLK
,
213txx
fCLK
)
. (6.1)
For a 2 MHz clock, the time in each state can be adjusted in steps of 4.096 ms with a
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maximum of 1.044 s. The outputs of the sequence generator (pwm0 and pwm1) have been
pulse-width modulated using the duty cycles for the first and second actuator defined by
the fifth (duty0) and sixth (duty1) register, respectively. The frequency of the modulation
is set by register freq. The PWM signals are generated using the 14-bit register triangle,
which is incremented with the freq register every clock cycle. The 8 most significant bits
are compared with the dutyx registers. This results in an average PWM frequency of:
f =
fCLKfreq
214
. (6.2)
The average PWM duty cycle is given by:
δ =
1 + dutyx
256
. (6.3)
For a 2 MHz clock, the frequency is adjustable in steps of 122 Hz with a maximum of
31.128 kHz.
The last 32 data registers together form the output address translation table. The data in
these registers configures how the actuators are connected to the output drivers. Every
register corresponds with an output driver on the chip, which is triggered if the four least
significant bits match with the four most significant bits from the status/command reg-
ister (ooii). The fifth bit (a) determines if the driver is connected to the first or second
actuator, requiring pwm0 or pwm1, respectively. The three most significant bits have no
functional meaning. With this address translation table, two actuators of the same switch
do not have to be connected to adjacent drivers. The bits ooii in the status/command
register can always be mapped so that the bits ii and oo correspond to the ii-th input line
and the oo-th output line of a 4 × 4 switch matrix, independent of how the actuators are
connected to the drivers. Furthermore, it is also possible to drive multiple output drivers
at the same time, by giving the output address registers the same value.
Each time the system starts up, the configuration data has to be re-programmed. In a
more commercial driver chip, the data registers (with exception of the status/command
register) could be replaced by flash memory, or could be fixed as the topology of the
switching matrix is known. This design is only a prototype with lots of options to test
different switch matrices.
In this implementation, it was chosen to drive every actuator directly with a separate out-
put driver at one side and a common high-voltage rail at the other side. In this way, N
driver pins can drive N independent actuators, so N/2 switches can be controlled. An-
other approach could be to make a matrix with actuators connected at every crossing of a
row with a column. In order for this to work, also diodes should be inserted in series with
every actuator. As it is not possible to drive two elements independently in this matrix,
two matrices are needed for a latching switch matrix. With this scheme, N2/16 switches
could then be driven by N outputs if these outputs support low-side and high-side switch-
ing. The same idea (using diodes) is also used in a patent of JDS Uniphase (now part of
Memscap) [2], in which rows are selected and two column lines are driven to latch the
switches. By using a common row selection, more switches can be driven with the same
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amount of outputs. In another technique, known as Charlieplexing [3], even more actua-
tors could be driven with the same amount of outputs. In this configuration, two actuators
are connected between every combination of two output lines. In order to discriminate
between these two, the actuators have a diode in series with a different polarity than the
other one. When driving a line high with potential V , another one low (potential 0 V)
and all others high-impedant, a single resistor will get the voltage V − VD (with VD the
threshold of the diode). However, due to other paths in the network, other resistors could
get voltages up to V/2 − VD. In order to prevent this, a zener diode with a breakdown
voltage of V/2 − VD could also be inserted in series with every actuator. However, this
reduces the voltage over the actuator to V/2. With this last scheme, N outputs could then
drive N2/4 − N/2 latching switches. Despite these two latter approaches resulting in
quadratic number of switches, they require external diodes (the schemes were developed
for driving LED arrays), which are not practical in a compact system-in-package solution.
More on the PWM generation
It should be noted that expression 6.3 is not always true for freq = 0 or freq = 128. For
freq = 0, the triangle register does not change. Depending on the value of the triangle
register, less or equal than the dutyx register, or larger than the dutyx register, the output
will be always 1 or always 0, respectively. freq = 128 can also result in a small deviation
of the average duty cycle. To see this, it is noted that there is always a number n such that
(a n) mod M = m with a, n,m < M , if and only if a and M are relative prime. This
is proven by using the theorem that a multiplicative inverse of a modulo M exists, if and
only if a and M are relative prime [4]. This means that
(a a−1) mod M = 1, (6.4)
and also that
(m a a−1) mod M = m, (6.5)
if m < M . This can be written as:(
(a mod M)
(
m a−1 mod M
))
mod M = m. (6.6)
If a < M this becomes: (
a
(
m a−1 mod M
))
mod M = m, (6.7)
which means that:
n = (m a−1) mod M. (6.8)
Because there are M values for m, at least M different values for n must exist, but as n
is the result of a modulo-M operation, there are not more than M different n values. So,
this can only mean that there are M different values n for M different values of m: there
is a one-to-one relation between m and n for given a and M . So as long as freq and
214 are relative prime, every possible number will appear in the triangle register, with
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uniform probability. This will generate a long-term average duty cycle given by equation
6.3. If freq and 214 have factors in common, with the largest one 2p, the (14 − p)
most significant bits will generate all possible numbers and the p least significant bits
will not change. This is because either freq/2p and 214−p are now relative prime, or
freq/2p = 1.
For p = 7, the seventh bit in the triangle register, which is part of the 8 most significant
bits that are compared with dutyx, does not change. This means that for freq = 128, the
8 most significant bits will only generate even or odd numbers, depending on the initial
state of the register.
The problem now arises when dutyx is even: there are dutyx/2 odd numbers ≤ dutyx
and dutyx/2 + 1 even numbers ≤ dutyx. Which results in an average duty cycle of
dutyx/256 or (dutyx + 2)/256 depending on the initial value of the triangle register. So
an error of ±1/256 is made. This can also be interpreted as a loss of one bit in duty-cycle
resolution.
Due to the discrete nature of the PWM generation, the instantaneous duty cycle will vary.
The number of clock cycles in a period that the output is high as well as the number
of clock cycles of the period itself can vary with a unity. For very low or very high
duty cycles, at high enough frequencies, the pulse can even be skipped. After maximum
214 clock cycles, the triangle register will be at its initial value. This means that if one
averages over a time larger than 8.192 ms the average duty cycle will be given by equation
6.3 (with exception of freq = 0 and freq = 128).
I2C bus communication
To save signal wires on a board with multiple driver chips and MEMS chips, an I2C bus
communication scheme was used. To address the desired module, every module on the
bus should have a unique address. This I2C slave address is set by 7 bond pads, which
are each pulled down with a hipor resistor (W = 2 µm, L = 200 µm). To set the
corresponding address bit to 1, the bond pad is wire bonded to the V dd line, which is
placed close to the address bond pads. In this way, 128 modules can be connected on one
bus, using a single driver design.
Reset synchronizer
The purpose of a reset mechanism is to put the system in a known state. During power-
up of the system, the power-on reset circuit, explained in section 6.2.3, will reset the
system. Additionally, when the power drops below a given value, the system should
immediately be reset. If this reset signal is very short and occurs between two clock
edges, a synchronous reset mechanism will not reset the system. Therefore, the reset
mechanism should use an asynchronous reset. However, an asynchronous removal of
the reset could cause serious problems. If the reset is removed just before a rising clock
edge, the flip-flops could go into a metastable state, so the removal of the reset should be
synchronous with the clock signal.
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Figure 6.2: Reset synchronizer [5].
In [5], a reset synchronizer is proposed that resets the flip-flops asynchronously, but re-
moves the reset synchronously. The circuit is shown in figure 6.2, with the Verilog code
listed in code 6.1. WhenRSTn goes low (from the power-on reset circuit),MASTERRSTn
immediately goes low as well, without any dependency of the clock signal. When RSTn
goes high, the circuit becomes a shift register that shifts a 1-bit towardsMASTERRSTn.
In this way, the removal of the reset happens synchronously. To resolve the possible
metastable state of the first flip-flop when RSTn goes high too short before a rising clock
edge, two flip-flops are used. So the first flip-flop has a clock period time to escape from
the metastable state. The output (MASTERRSTn) is connected to the reset tree of the
complete system.
Code 6.1: Verilog code for the reset synchronizer [5].
always @( posedge CLK or negedge RST n ) begin
i f ( ˜ RST n ) begin
{MASTERRST n , r s t f f}<=2’b00 ;
end e l s e begin
{MASTERRST n , r s t f f}<={r s t f f , 1 ’ b1};
end
end
Input synchronizer
The I2C inputs are sampled according to the local clock frequency, generated on-chip. If
a change in the bus lines occurs too close before a rising clock edge, the flip-flop could
go metastable. Similarly as the circuit above, the inputs also need to be synchronized as
shown in figure 6.3. Here, also two flip-flops are used to resolve a possible metastable
state of the first flip-flop. Because an inactive bus line is high, the MASTERRSTn
signal will set the flip-flops also to high. The Verilog code that generates the circuit in
figure 6.3 for both bus lines is listed in code 6.2.
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Figure 6.3: Input synchronizer.
Code 6.2: Verilog code for the I2C input synchronizer.
always @ ( posedge CLK or negedge MASTERRST n) begin
i f ( ˜ MASTERRST n) begin
{SDA in s , SDA in b}<=2’b11 ;
{SCL s , SCL b}<=2’b11 ;
end e l s e begin
{SDA in s , SDA in b}<={SDA in b , SDA in};
{SCL s , SCL b}<={SCL b , SCL};
end
end
Clock speed
To make the controller logic work in a synchronous way, a clock circuit is also needed. As
mentioned above, the inputs of the controller logic are synchronized using two flip-flops.
This reduced the chance of metastable inputs but has the disadvantage that an extra delay
is inserted. The most critical timing for an I2C communication is when the slave has to
respond. For example: after the last bit of a byte is read in, the slave should acknowledge
the transfer by pulling SDA low. The change of SDA is only allowed when SCL is
low, otherwise it is interpreted as a start or stop signal. So the slave has to wait for a
falling SCL before it can pull the SDA low. Because of the two extra inserted flip-flops,
the detection of a falling SCL is two clock periods delayed, so the fastest response may
take up to three clock periods. This response plus the rise or fall time has to appear
before the SCL rises again, so within 5 µs for a 100 kbps communication. Therefore,
the clock speed should be at least 1 MHz to have enough margin and to ensure a stable
communication.
Clock and reset tree synthesis
The system described above was implemented in Verilog and automatically synthesized.
During the place and route, the timing of the clock signal requires special attention. Setup
time violations occur if the propagation of the signal through a combinatoric circuit does
not arrive a setup time before the next clock edge. Because of the relatively low clock
speed, setup time violations are not expected as there is a lot of time between two clock
edges. On the other hand, hold time violations occur if the data signal does not remain
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Table 6.1: Timing of the synthesized clock and reset tree.
Root Skew [ps] Max. delay [ps] Min. delay [ps] Level
CLK 69.8 1586.3 1516.5 6
MASTER RST n 212.2 5751.8 5539.6 12
stable a hold time after the clock edge. This can happen, for example, when the data signal
between two flip-flops travels faster than the clock signal because the registers have their
clock signal from different branches in the clock tree. This can be solved by reducing the
skew of the clock tree, or by inserting buffers in the data path. To determine the maximum
allowed skew, combinations of the flip-flops used in the synthesized logic were placed in
a shift register with the clock signal of the second flip-flop delayed with respect to the
first clock signal. The maximum allowed skew in this setup was simulated to be between
300 ps and 350 ps, with corner {−50 ◦C, awcp} failing first. For the reset tree, the skew is
of less importance. However, the propagation time through the complete reset tree should
not violate any recovery time, which means that the removal of the reset signal should
reach all flip-flops before the next clock edge. Table 6.1 shows the results of the clock
and reset tree synthesis. The maximum skew of the CLK signal is less than the 300 ps
from above simulations and requires 6 levels in the tree. The reset tree also satisfies the
timing constraints, as the maximum delay is a lot less than the clock period. For this tree
12 levels were needed.
Simulations
To verify the functionality of the controller, simulations were performed using the syn-
thesized Verilog netlist (the original Verilog code for the controller is listed in appendix
C). Figure 6.4 shows the simulated I2C lines using this netlist. In figure 6.5, the registers
are fully configured and a command is executed, generating the latching sequence at the
output.
6.2.2 Clock
A ring oscillator was chosen for the clock circuit because of its simple design. In this
topology an odd number of inverters is placed in a ring configuration resulting in an
inverting function with a large delay with the output coupled back to the input. As the
time needed for a node to reach the same situation is two times the propagation delay Tp,
the resulting frequency of the circuit is given by:
f =
1
2Tp
. (6.9)
The disadvantage of this circuit is the large spread on the output frequency, as the prop-
agation delay has a large dependency on temperature and process parameters. In section
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Figure 6.4: Simulated waveforms of I2C lines. Bytes 0xaa and 0xcc are written,
starting in register 0x01, followed by a readout of the same bytes. The displayed
data on the SDA bus is {start, 0x80, 0, 0x01, 0, 0xaa, 0, 0xcc,
0, stop, start, 0x80, 0, 0x01, 0, start, 0x81, 0, 0xaa, 0,
0xcc, 1, stop}.
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Figure 6.5: Simulated waveforms of I2C lines and output registers. Complete configura-
tion of the data registers and execution of command 0x04. t01 = 0x01, t10 = 0x02,
t11 = 0x03, duty0 = 0x80, duty1 = 0xc0 and freq = 0x10.
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Table 6.2: Simulated clock frequencies for different corners.
T [◦C] Model (mos) f [MHz]
27 typ 2.32
27 awcp 2.80
27 awc1 2.08
27 awc0 2.31
27 awcs 1.72
−50 typ 3.02
−50 awcp 3.64
−50 awc1 2.69
−50 awc0 3.03
−50 awcs 2.24
150 typ 1.77
150 awcp 2.14
150 awc1 1.60
150 awc0 1.74
150 awcs 1.31
6.2.1, it was argued that the controller logic needs a clock signal of at least 1 MHz. Be-
cause of the large frequency spread, the circuit was designed to have an output frequency
above 2 MHz. In order to make sure that the clock signal has a 50 % duty cycle, the fre-
quency of the ring oscillator was divided by making use of a flip-flop as shown in figure
6.6. Therefore, the circuit oscillates at the doubled output frequency. Another advantage
of this approach is that silicon area is saved.
The ring oscillator was designed with 21 inverters, resulting in an oscillation of 4.64 MHz
(at node V1). The flip-flop then divides the frequency, giving 2.32 MHz as output fre-
quency. This clock frequency was originally designed to have a typical frequency of
2 MHz using a parasitic extraction model. However, as the measured clock frequency was
actually higher than the simulated worst-case-power model with parasitics, the simulation
results shown here are without the parasitic extraction. Table 6.2 shows the frequencies
for different corners.
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Figure 6.7: Power-on reset circuit [6].
6.2.3 Power-on reset
When the supply is switched on, the flip-flops in the controller logic will take an unknown
value. To ensure that the circuit operates correctly, a reset mechanism is needed. All flip-
flops in the controller logic have a set or reset input, so that the circuit can always be put
in a known state. A power-on reset circuit was chosen as reset mechanism, as no extra
signal wires are needed on the board. This circuit will reset the flip-flops when the supply
is below a given voltage.
The power-on reset circuit from [6] (figure 6.7) was used because of the ability to set the
trigger voltage to an arbitrary value (because of R2), and not just the bandgap voltage.
The circuit is a modification of the bandgap reference circuit from [7].
The output of the comparator will switch if V dd reaches a given threshold value Vref . In
order for this reference voltage to be as temperature-independent as possible, a bandgap
reference circuit is used. Indeed, at equal voltages at the comparator, V dd is given by:
V dd = Vref = Vbe1 +R3
(
Vbe1 − Vbe2
R1
+
Vbe1
R2
)
. (6.10)
Vbe1 has a negative temperature coefficient and Vbe1−Vbe2 is proportional to the absolute
temperature if both transistors carry a different constant current density. So, the threshold
value can be made temperature independent (in a first order approximation) [7]. Note that
due to R2, this threshold value can be different from the silicon bandgap of 1.25 V.
The voltage Vref at which the circuit should remove the reset was chosen to be 2 V. At
this voltage, the flip-flops can already store a state and are able to set or reset that state.
To dimension the circuit so that the comparator switches at V dd = Vref = 2 V, a current
of I1 = 10 µA is chosen. From simulations it is known that the npn-transistor vnb4u0
connected as a diode has a Vbe 300K of 0.6713 V at 300 K and 10 µA emitter current.
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Choosing I1 = I4 gives:
R4 = R3 =
Vref − Vbe 300K
I1
. (6.11)
Using the first order approximation for the base-emitter voltages gives [7]:
Vbe1 = VG0 − C1T
Vbe2 = VG0 − C2T.
(6.12)
So at 0 K, Vbe1 = Vbe2 = VG0 = 1.25 V and I2 = 0 (theoretically). This results in:
R2 =
R3VG0
Vref − VG0 . (6.13)
Back at 300 K, I2 is calculated as:
I2 = I1 − Vbe 300K
R2
. (6.14)
I1 and I2 are given by:
I1 = I01
(
exp
(
qVbe1
kT
)
− 1
)
I2 = I02
(
exp
(
qVbe2
kT
)
− 1
)
,
(6.15)
with I02 = NI01 and N the scaling between transistors Q1 and Q2. The difference in
base-emitter voltage can be calculated as:
Vbe1 − Vbe2 = kT
q
ln
(
I1N
I2
)
. (6.16)
R1 is calculated as:
R1 =
Vbe1 − Vbe2
I2
. (6.17)
With N = 8, a common centroid configuration is possible. Above calculations result
in R1 = 9.054 kΩ, R2 = 221.450 kΩ and R3 = R4 = 132.870 kΩ as initial values.
Subsequently, the resistors were tuned to obtain a reference voltage as flat as possible.
Additionally, the values were chosen so that they were a multiple of the smallest one
(R1). This resulted in the values shown in table 6.3.
The resistors were laid out in a common centroid configuration to minimize process gra-
dients. Each unit resistor was implemented as a hipor resistor with 9 squares of 2 µm
width. The configuration is displayed in table 6.4.
The spread on Vref for the different corners in the temperature range of−50 ◦C to 150 ◦C
amounts to 108 mV. The different corner simulations are shown in figure 6.8. Here, Vref
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Table 6.3: Resistors used in the power-on reset circuit.
Res #R1 R [kΩ]
R1 1 9.57
R2 32 306.24
R3 16 153.12
R4 16 153.12
Table 6.4: Common centroid configuration for the resistors. D are dummies.
D R2 R4 R2 R4 R2 R4 R2 R3 R2 R3 R2 R3 R2 D
D R3 R2 R3 R2 R3 R2 R3 R2 R4 R2 R4 R2 R4 D
D R2 R4 R2 R3 R2 R4 R1 R4 R2 R3 R2 R4 R2 D
D R4 R2 R4 R2 R4 R2 R3 R2 R3 R2 R3 R2 R3 D
D R2 R3 R2 R3 R2 R3 R2 R4 R2 R4 R2 R4 R2 D
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Figure 6.8: Vref as a function of temperature for different corners.
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Figure 6.9: Comparator in reset circuit.
was obtained by coupling the output of the comparator with negative feedback to the
supply using an ideal opamp, like it is used in a (modified) bandgap reference.
To investigate the effect of an offset in the opamp, the V+ and V− inputs of the opamp are
calculated as:
V+ = Vref −R3
(
V+
R2
+
V+ − Vbe2
R1
)
V− = Vbe1.
(6.18)
Stating Vos = V+ − V− and using equation 6.10 results in:
∆Vref = Vos
(
1 +
R3
R1
+
R3
R2
)
. (6.19)
The change in Vref due to the opamp is 17.5 times the offset voltage.
The comparator at the output of the reset circuit should start working at very low supply
voltages. Additionally, the positive and negative inputs of the comparator never reach
higher voltages than 0.8 V. For this reasons the current source at the differential input
was omitted as shown in figure 6.9. The transistor sizes are tabulated in table 6.5. At
666 mV input, the offset voltage amounts to 6.9 mV.
Figure 6.10 shows the simulated output of the power-on reset circuit for a supply rise time
of 1 ms for all the different corners: temp: {−50, 27, 150}; bip: {typ, fast, slow}; res:
{typ,max,min}; mos: {typ, awcp, awc1, awc0, awcs}. The variation of the supply
voltage at which the output switches was determined to be 156 mV. It is also observed
that for supply voltages below 0.6 V the output can mistakenly be high. This is not really
an issue as the reset time still remains long enough.
From figure 6.11, it can be seen that the de-assertion of the reset occurs at 2 V if the rise
time is larger than 100 µs. With shorter rise times, the reset is de-asserted when the supply
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Table 6.5: Transistor sizes in the comparator.
Mosfet W [µm] L [µm]
MN1 1 2
MN2 1 2
MP1 4 1
MP2 4 1
MN3 1.6 0.35
MP3 2.4 0.35
MN4 6.4 0.35
MP4 9.6 0.35
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Figure 6.10: Simulated power-on reset output with supply rise time of 1 ms, for
all corners: temp {−50, 27, 150}; bip {typ, fast, slow}; res {typ,max,min}; mos
{typ, awcp, awc1, awc0, awcs}.
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Figure 6.11: Detection level Vdetect and reset time tlow as a function of the supply rise
time.
is already at a higher voltage. For rise times larger than 1 ms, the reset time is larger than
50 % of the rise time, but for shorter rise times, the reset time drops to 36 ns for a rise
time of 100 ns. The reset time was calculated as the time the output was below half the
supply voltage.
6.2.4 I/O cells
The main purpose of the I/O cells is to protect the circuit on the chip. For output cells, it
is also important that the drive strength is sufficient for the application. The inputs of the
chips are protected against ESD events by using primary protection circuits (ESD IO) at
the bond pads, but also by local secondary clamping structures (ESDGATE CLAMP ).
The supply is also protected by making use of the ESDCGNMOS 4KV clamp be-
tween ground and V dd.
Low-voltage input
Input protection structures are needed for the I2C address bits, SDA input, SCL input,
external clock input, and external reset input. Following the guidelines, the circuit in
figure 6.12 was used. Clamping structure MN2 (ESDGATE CLAMP ) is placed lo-
cally, close to the controller logic, while the other components (MN1 and MP1 from cell
ESD IO) are placed at the bond pad.
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Figure 6.12: Low-voltage input protection circuit.
Schmitt trigger input
To remove the noise and some voltage spikes from the digital inputs, Schmitt trigger
buffers were used for these inputs. The buffer is used for the clock input, reset input and
SDA and SCL inputs. Especially for the I2C inputs, it is necessary to filter the signals,
because of the pull up resistors. When the bus is loaded with capacitance, the rise time of
SDA or SCL can be a few microseconds. During this ramping up, the pull-up resistor
generates noise, which could trigger the logic multiple times. Because every action in
the communication protocol is timed with the SCL signal, multiple triggers of this signal
could corrupt the data transfer. Similarly, a voltage disturbance of the clock signal outside
the chip could create an extra pulse with a clock period that is way too short, which could
lead to an unknown state of the controller logic. Using a Schmitt trigger here could filter
this disturbance.
Figure 6.13 shows the used circuit, the transistor dimensions are tabulated in table 6.6.
The buffer was simulated for the different corners: temp {−50, 27, 150}; mos {typ, awcp,
awc1, awc0, awcs}, which resulted in the waveforms shown in figure 6.14. The upper trip
point varies between 2.09 V and 2.41 V, the lower one between 0.92 V and 1.27 V.
Low-voltage output
For the outputs of the clock generator and a reset generator, the ESD IO protection cell
was modified to serve also as an output buffer. The protection transistors MN1 and MP1
in figure 6.15 contain 6 fingers, which are connected to the resistor. Two of these fingers
were disconnected (MN2 and MP2) and reconnected to the predriver MN3 and MP3.
The protection transistors have now got two gates. The protection transistors are turned
on by the drain-gate capacitance during an ESD event. According to the design manual,
the resistor helps in turning the transistors on more homogeneously. To obtain the same
time constant the resistance was increased with a factor 6/4 because only 4 fingers are
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Figure 6.13: Schmitt trigger buffer.
Table 6.6: Transistor sizes in the Schmitt trigger buffer.
Mosfet W [µm] L [µm]
MN1 1.15 0.35
MN2 1.15 0.35
MP1 3.35 0.35
MP2 3.35 0.35
MN3 1.55 0.35
MP3 3.95 0.35
MN4 6.4 0.35
MP4 9.6 0.35
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Figure 6.14: Simulated output of the Schmitt trigger and input (triangle), for different
corners: temp {−50, 27, 150}; mos {typ, awcp, awc1, awc0, awcs}.
130 Switch driver
MN1
MP1R
2
R
1
Vdd
gnd
Vpad
MN2
MP2 MP3
MN3
Vg
Figure 6.15: Low-voltage output protection circuit.
activated.
The I2C slave controller uses open drain output buffers for acknowledgments and sending
data. This was implemented in a similar way, but now only the 2 fingers of the NMOS
were connected to the predriver.
High-voltage open drain
The heaters of the MEMS actuators are connected with one side to the drain of the
NDMOS and the other side to the high voltage VHV . As VHV can be up to 30 V, the
ESD-protection circuit may not be triggered below this voltage.
The high voltage is not available on the chip, so a protection circuit connected to the
high voltage is not possible. Therefore, a self-protecting NDMOS was used (figure 6.16),
following the rules from the design manual. In order to withstand a 4 kV ESD event, the
minimum width of the transistor needs to be 6000 µm. When an ESD event occurs, the
string with the fid50u diode and the ESD PPNLDD ZENER zener diodes will pull
the gate of the NDMOS high, enabling the current to flow to ground. The resistor R1 is
needed, in case the predriver should pull the gate down. The transistor width of 6134 µm
results in an Ron of 2 Ω, which is low enough for the application.
6.2.5 Complete driver chip
The design described above was laid out and sent to Europractice [8], which offers low-
cost ASIC prototyping by combining different designs on a multi-project wafer (MPW).
Figure 6.17 shows the layout of the complete chip.
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Figure 6.16: High-voltage open-drain protection circuit.
Figure 6.17: Layout of the MEMS driver chip.
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Figure 6.18: Microscope photograph of the driver chip.
6.3 Measurements
The chip, fabricated in the I3T50 [1] technology, is shown in figure 6.18. The controller
logic is clearly visible in the left half of the chip, as well as the address bond pads right
to the logic block. The output drivers and I/O-cells at the edge are partly hidden by the
supply network, routed in Metal3 and Metal4. The connections from the logic block to
the output drivers are also visible because these were not covered by dummy metal. This
was done to minimize the capacitive coupling between the long traces.
The driver chip was measured on a testboard shown in figure 6.19. On the board, a 3.3 V
supply is generated using a voltage regulator. Additionally, 32 LEDs with pull-up resis-
tors in a resistor array indicate the activity of the output drivers. The board also contains
options to use external clock or reset signals, but these were not necessary. In the follow-
ing measurements, the I2C commands were sent by an Atmel ATmega328 microcontroller
on an Arduino Nano [9] board.
6.3.1 Clock
As the timing of the PWM generation and the sequence generator depend on the clock
frequency, this clock frequency was measured first. A frequency of 2.653 MHz was mea-
sured, which is higher than the 2.32 MHz that was predicted from simulations and will
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Figure 6.19: Photograph of the driver testboard.
cause shorter sequences at a higher PWM frequency. However, as the frequency and the
timing of the latching sequence is adjustable, this is not a real problem.
6.3.2 Power-on reset
Figure 6.20 shows the resulting waveforms of the supply and the reset output. As can be
seen on the figure, the circuit resets the logic when V dd is less than 2 V.
6.3.3 Controller logic
I2C communication
As the configuration data and the commands are passed through by the I2C protocol, this
is a critical part of the driver chip. In figure 6.21, three bytes are written into the registers,
followed by a readout of the same bytes. The same bytes are retrieved. When a command
is executed, it is not allowed to modify the data registers. However, it should still be
possible to read these registers. In figure 6.22, a command is executed, followed by a
write operation. This operation results in a NACK and the data is not written into the
registers. Next, two bytes are read from the registers. The read and write operations also
have an auto-increment function: when reading or writing multiple bytes, the register
number is automatically incremented with a loop back at the end of the register bank,
which saves time on the communication bus. In figure 6.23, the register number is set
to 0x25 = 37 and five bytes are written, this causes the auto increment to go back to
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Figure 6.20: Measured waveforms of the supply (V dd) and the reset output(RSTn).
register number 0x00 if the end of the register bank is reached. Next, two bytes are read
from the registers.
Sequence generator
Figures 6.24, 6.25 and 6.26 show the waveforms of the output drivers when executing a
latching sequence, an unlatching sequence and a latching sequence with an initial state.
6.3.4 Output drivers
The output drivers should be able to drive enough current through the poly heaters. In
figure 6.27, the output driver sinks a current of 20 mA, which is enough to drive the
actuators. The high-voltage capabilities were tested in figure 6.28 where VHV is set to
35 V. At higher voltages the ESD protection circuits start to conduct, which can be seen
on figure 6.29. The current below 35.5 V is due to the 10 MΩ of the oscilloscope.
6.3.5 Multiple modules on the bus
Figure 6.30 shows two drivers connected on the same bus. At the second driver, the
possibility of driving multiple outputs simultaneously is also demonstrated. The bus was
driven by a FT232h chip [10].
6.4 Conclusion
The functionality of the MEMS driver described in this chapter works well and matches
closely with the simulation results. The clock frequency is a bit higher than simulated,
but this is not really an issue as the timing of the latching sequence and PWM generation
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Figure 6.21: Measured waveforms of I2C lines. Bytes 0xa1, 0xb2 and 0xc3 are
written, starting in register 0x01, followed by a readout of the same bytes. The displayed
data on the SDA bus is {start, 0x00, 0, 0x01, 0, 0xa1, 0, 0xb2, 0,
0xc3, 0, stop, start, 0x00, 0, 0x01, 0, stop, start, 0x01,
0, 0xa1, 0, 0xb2, 0, 0xc3, 1, stop}.
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Figure 6.22: Measured waveforms of I2C lines. Execution of command 0x04, directly
followed by trying to write 0xaa in register 0x09. Reading during execution is
still possible (reading register 0x00 and 0x01). The displayed data on the SDA
bus is {start, 0x00, 0, 0x00, 0, 0x04, 0, stop, start, 0x00,
0, 0x09, 0, 0xaa, 1, stop, start, 0x00, 0, 0x00, 0, stop,
start, 0x01, 0, 0x05, 0, 0xff, 1, stop}.
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Figure 6.23: Measured waveforms of I2C lines. Writing data starting at 0x25, automati-
cally incrementing the pointer register with overflow, followed by reading of two bytes,
starting at 0x01. The displayed data on the SDA bus is {start, 0x00, 0, 0x25,
0, 0xa1, 0, 0xa2, 0, 0xac, 0,0xa4, 0, 0xa5, 0, stop, start,
0x00, 0, 0x01, 0, stop, start, 0x01, 0, 0xa4, 0, 0xa5, 1,
stop}.
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Figure 6.24: Measured waveforms at the output drivers of closing sequence. VHV =
15 V, duty0 = 0x40, duty1 = 0xc0, freq = 0x10, t01 = 0x01, t11 = 0x03,
t10 = 0x02.
6.4 Conclusion 137
0
5
10
15
D
0
[V
]
0
5
10
15
0 2 4 6 8 10 12 14 16 18
D
1
[V
]
t [ms]
Figure 6.25: Measured waveforms at the output drivers of opening sequence. VHV =
15 V, duty0 = 0x40, duty1 = 0xc0, freq = 0x10, t01 = 0x01, t11 = 0x03,
t10 = 0x02.
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Figure 6.26: Measured waveforms at the output drivers of closing sequence with start
state (both active). VHV = 15 V, duty0 = 0x40, duty1 = 0xc0, freq = 0x10,
t01 = 0x01, t11 = 0x03, t10 = 0x02.
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Figure 6.27: Measured drain voltage and current of an output driver. VHV = 20 V,
Rload = 1 kΩ, freq = 0xff, duty0 = 0xf0.
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Figure 6.28: Measured drain voltage and current of an output driver. VHV = 35 V,
Rload = 2.2 kΩ, freq = 0xff, duty0 = 0xf0.
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Figure 6.29: Measured ESD current, including 10 MΩ of the oscilloscope.
Figure 6.30: Photograph of two drivers (addresses 0x2a and 0x51) connected on the
same bus.
are adjustable with registers. The output drivers are capable of driving at least 20 mA and
they can be used in applications up to 35 V. The use of the I2C communication scheme
saved area on the chip as few I/O-cells are needed to configure a lot of functions. This
allowed to put 32 output drivers on the chip, which can latch or unlatch 16 independent
switches.
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7
Switch matrix
In this chapter, the MEMS switches and the driver chip will be combined to create
different switch matrices. Also larger matrices of 16 × 16 will be simulated to eval-
uate their performance. For even larger matrices, Clos networks are studied and
optimized. Eventually, also some packaging options are discussed.
7.1 4x4 matrix
From the designs in section 5.1 and 5.3, a DPST switch built with two actuators has some
problems with the stability of the contacts. In this section, a DPST switch matrix will be
designed using two independent switches for every cross point.
7.1.1 Type 1 compressed high-voltage switches
In order to get as much MEMS switches on a single die, the switches are stacked as close
as possible. In the previous designs, the connectors of the poly heater were located at
the beginning (the anchored side) and at the end (the moving side) of the actuator. When
stacking these L-shaped switches, the poly connection at the end of the actuator takes
too much space for a compact stacking. For this reason, the poly heater was laid out
in a U-shape, so that both connections of the poly heater are located at the beginning
of the actuator. As the hot arm only has a mechanical function, and no electrical one,
the anchorage of this hot arm is combined with one of the poly connections in order
to save space. In this way, each actuator has only three connections. Furthermore, the
connection of the hot and the cold arm to the nitride plate has also been shrunk. The
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Figure 7.1: Layout of the type 1 compressed high-voltage switches.
c-shaped connection of the cold arm as in the SPST high-voltage switch (section 4.5) is
stronger but has the disadvantage of being relatively large. When stacking these actuators,
there is no room for such a connection. Therefore, the nitride connection was made by two
rectangular anchorages like the original thermal actuator with polysilicon heater (section
4.2). In order to prevent the cracking of the nitride, the connection was made wider
(200 µm) and temporary anchors were incorporated. Figure 7.1 shows a DPST switch
(two SPST switches) using these new actuators, the longer one has a hot-arm length of
1700 µm, the shorter one a length of 1200 µm. The signal path is spaced at least 30 µm
from any other conductor for isolation purposes.
From figure 7.1, it is also seen that in order to compactly stack the switches, the poly con-
nections to the same actuators are not equal. As these same actuators will be driven from
a common drive net, the displacement could be different for both actuators because of the
extra voltage drop across the added polysilicon. To compensate for this poly connection,
extra poly resistors were included so that with the same voltage driving, the same current
flows through the heating element.
In order to lower the resistance of the signal paths, their traces were made wider (60 µm)
compared to the ones of the poly heater (15 µm) which do not require a lot of current.
These thinner traces were laid out in such a way that there is always a bend between two
anchorages. At elevated temperatures, these beams cannot buckle and so, cannot cause
short-circuits.
The complete chip, containing 4 DPST switches, designed with 8 latching switches and
16 actuators is shown in figure 7.2. Figures 7.3 and 7.4 show the simulated and measured
electro-mechanical characteristics of the thermal actuators (both without the extra poly
resistor to match the resistances). The 1700 µm-long compressed actuator can generate
displacements of 70 µm at 24 V and 5.7 mA with a maximum hot-arm temperature of
578 K. For the 1200 µm-long compressed actuator, the displacement amounts to 50 µm
at 20 V and 6.2 mA with a maximum hot-arm temperature of 601 K. From the simulated
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Figure 7.2: Type 1 compressed high-voltage switches bonded on a PCB (chip measures
5 mm× 5 mm).
results, it is seen that the inner actuator generates a slightly larger displacement. This is
because the connection to the poly heater is shorter so that more current flows through
the poly heater. The extra resistors to match the heater resistances had measured resis-
tances of 123 Ω for the 1700 µm-long compressed actuator and 96 Ω for the 1200 µm-long
compressed actuator.
The latching switch constructed with above thermal actuators was able to latch with drive
voltages of 24 V and 19 V. In the latched state, the switch (including the traces to the
edge) exhibited a resistance of 0.62 Ω. The simulated contact force amounts to 570 µN.
Fabrication issues
As usual, there were still some gold residues left around the contacts of the switch. In
order to prevent a short circuit in the switch matrix, these gold wires were mechanically
broken by using the probes on the probe station.
It was also observed that the cold arm of the actuator was sometimes stuck on the nitride
bridge. This could be caused by stiction during the release step. However, another plau-
sible cause may be the uncompleted etching of the release oxide between the cold arm
and the nitride bridge. The oxide in between has a thickness of 1.1 µm, but has an area
of 50 µm× 60 µm, which is not easily etched away. This sticking was solved by mechan-
ically pushing the structure with the probe needles1. A possible improvement for future
designs may be to implement an etch hole in the structural layer above the nitride bridge.
Another occasional fabrication issue was the etching of parts of the poly heater as shown
in figure 7.5. It is assumed that this is caused by cracked nitride due to the new shape
of the poly heater. During the etching of the trench, the KOH finds its way through the
cracks, thereby also etching away the polysilicon.
1Push in the same direction as the probe, this lowers its compliance . . .
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Figure 7.3: Simulated and measured electro-mechanical characteristics of the 1700 µm-
long compressed actuator. a denotes inner actuator, b outer actuator.
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Figure 7.4: Simulated and measured electro-mechanical characteristics of the 1200 µm-
long compressed actuator. a denotes inner actuator, b outer actuator.
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Figure 7.5: Etched poly due to cracked nitride.
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Figure 7.6: 4× 4 DPST switch matrix.
7.1.2 Switch matrix
Using the switches designed above, a switch matrix was built as shown in figure 7.6. As
each MEMS die contains 8 switches, a 2 × 2 DPST submatrix is implemented per die,
using two switches to connect the two wires of the pair. These two switches are always
actuated together, so their poly heaters are also connected. This configuration requires 8
independent actuating signals for a 2 × 2 submatrix. The poly heaters are connected to
the high voltage of 24 V at one side and to the drain of an NDMOS at their other side.
As the driver chip has 32 actuator drivers, 4 submatrices can be controlled by one driver
chip, driving in total 32 switches with 64 thermal actuators. This is all controlled by only
two I2C signals, which can control 127 additional driver chips.
In figure 7.6, the 4 MEMS chips are arranged in a square, with the driver chip in the center.
The inputs of the switch are numbered 1 to 4, the outputs are lettered A to D (inputs and
outputs are arbitrarily chosen). As the complete board would be too large to fit into the
clamps of the wire-bonding tool, the naked dies were put on a smaller daughterboard,
connected to the motherboard using header connections. The 16 SMA connectors (4
input signals and 4 output signals) together with the I2C signals and the supplies are fed
to the switch matrix on the daughterboard.
The daughterboard was designed to fit 4 different types of MEMS dies, which have a
different pin layout. For this reason, the switch signals, the actuation signals and the high
voltage are distributed to multiple pads, causing the footprints for the MEMS dies to have
more pins than needed: 136 instead of 48.
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Figure 7.7: Switch matrix control panel.
On the right of the motherboard, an FT232H FTDI chip [1] generates the I2C signals,
needed for the driver chip. This FTDI chip is, at its turn, controlled by a control program,
which communicates to the FTDI chip over the USB connection.
The interface of the developed control program is shown in figure 7.7. At the left, the
6 fields are the drive settings for the actuator, which determine the timing, the duty cy-
cles and the PWM frequency. The 32 outXX fields determine the output configuration
depending on the layout of the switch matrix. These fields correspond to the registers
inside the driver chip. The flags at the center bottom correspond to the status/command
register of the driver chip, but is only needed for debugging or determining the duty cycle
as this is the only way to stop the sequencer (using the halt flag). Although possible using
these flags, the switches are reconfigured using the checkboxes in the center. Due to the
timing of the latching sequence, the user could generate more commands than the driver
can process. For this reason, all commands (update settings, changing status/command
register, or switching the matrix) are put in a task queue. This queue is then periodically
checked and the task is executed only after the halt flag of the driver is high, indicating it
is not busy with a latching sequence. The state of the matrix is also stored in a file so that
when the program is started up, the configuration in the control program is in sync with
the configuration of the matrix.
The control parameters needed to latch the switches are duty0 = 0x90 and duty1 =
0xbc at a voltage of 24 V. These duty cycles correspond approximately to 18.1 Vrms
and 20.6 Vrms, respectively. A reliable timing scheme is determined to be 3 × 0x20 ∼=
3× 100 ms or longer.
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Table 7.1: Substrate properties used in simulations of the switch matrix. Parameters h
and t are the height above the ground plane and the track thickness, respectively.
Property Value
r FR4 4.6
TanDFR4 0.02
condCu 5.8× 107 S m−1
h4layer 360 µm
t4layer 35 µm
h2layer 1550 µm
t2layer 95 µm
r Si 11.9
ρSi 5000 Ω cm
r SiO2 3.9
r Si3N4 8.5
condNi 1.25× 107 S m−1
7.1.3 RF measurements
To characterize the RF performance of the switch matrix, measurements were performed
using an Agilent PNA-X N5242A 4-port network analyzer. The 4 ports were connected to
two connectors of one input signal and two connectors of one output signal. The single-
ended 4-port S-parameters were then converted to mixed-mode S-parameters expressed
in a differential and common mode for both the input and output. More information on
mixed-mode S-parameters is given in appendix D.
It should be noted that at the time the switch matrix was designed, no electro-magnetic
simulation software was available. The design is thus not optimized for RF or matching.
Figures 7.8a, 7.8b, and 7.8c show the measured insertion loss, return loss and isolation (in
open state) for the 4 different cross points in the first quadrant of the switch matrix. As
can be seen immediately on the insertion loss, a resonance occurs in the frequency range
between 350 MHz and 450 MHz. At these resonances, the return loss is expected to be
very high as can be seen in figure 7.8b. Besides the resonance, the matching is relatively
bad even for frequencies below 250 MHz. At 100 MHz, the insertion loss amounts to
−1.6 dB, with a return loss of −7.1 dB. From the isolation graph (figure 7.8c), it can be
seen that it remains below −30 dB for frequencies below 450 MHz. Below 100 MHz, the
isolation is even better than −40 dB.
The insertion loss and the return loss comply with the ETSI TS 102 566 specification [2].
This specification for automated distribution frames only deals with the frequency band
below 30 MHz and is specified for large switching matrices in distribution frames such as
600× 600 configurations. As this small 4× 4 matrix only just meets the requirements of
the return loss, a different solution has to be found.
The switch matrix is badly matched to the impedance of 100 Ω because it was not designed
for it. Simulations show that the traces on the motherboard have a differential impedance
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Figure 7.8: Measured insertion loss, return loss and isolation of the type 1 compressed
high-voltage switch matrix.
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Figure 7.9: Smith chart of simulated and measured Sdd11.
of 73 Ω. Also, due to the highly interconnected footprint, these traces are too capacitive
to match with 100 Ω. From the Smith chart on figure 7.9, it can be seen that the path
is too capacitive as the curve, starting from the center, rotates downwards in clockwise
direction. This indicates a susceptance which increases with frequency: a capacitance
(B = 2pifC). It is also thought that the header connection (approximately 15 mm long)
has an adverse effect on the RF performance.
To analyze where the resonances originate from, the complete switch matrix was sim-
ulated in ADS Momentum. As the board is relatively large (switch area on mother-
board measures 10 cm × 10 cm) compared to the smallest features, the boards were cut
into small subparts. These pieces were then simulated separately and characterized by
their S-parameters. To simulate the complete system, all the pieces were connected in a
schematic. The used material properties are summarized in table 7.1. In the simulation,
the bond wires were modeled by inductors with an inductance of 1 nH mm−1.
Figures 7.10a, 7.10b, and 7.10c show the simulated and measured insertion loss, the return
loss at input side, and the return loss at output side, respectively. It can be seen that a good
agreement is obtained between the simulated and measured results, given the complexity
of the boards.
As it was thought that a quarter wavelength transmission line could be the cause of the
resonance, the insertion loss of the paths using cross points 1B, 1D, 3B and 3D were
measured and simulated (figure 7.10a). These cross points are each located in another
quadrant, but have an identical location inside their quadrant. It can be seen that for the
4 different quadrants, 4 different insertion loss curves are obtained. It is also observed
that the 1B-path and the 3D-path also resonate but at another frequency; the 3B-path has
two resonances, approximately located at the two previous frequencies; and the 1D-path
has no resonances. These resonances are also visible from the phase of the insertion loss
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(figure 7.12).
The above observations can be explained by modeling the switch matrix using transmis-
sion lines as shown in figure 7.11. For clarity, only the lines corresponding with ports 1, 3,
B andD are shown. From this figure, it can be seen that if 1B is closed, an open-circuited
transmission line (TL3 and TL5) is formed, a so-called stub. The input impedance of such
a stub, assuming an ideal transmission line, is given by:
Zstub = −jZ0cot (βl) , (7.1)
with Z0 the characteristic impedance of the transmission line, β the phase constant and
l the length of the line. For lengths multiples of half the wavelength (l = nλ2 ), the stub
behaves as an open circuit, but for lengths that are a quarter wavelength longer (l =(
n+ 12
)
λ
2 ), the stub behaves as a short circuit.
From figure 7.10a, it is seen that the resonance of the 3D path occurs at a lower frequency
than the one of the 1B path. This indicates that the stub TL10-TL11 is longer than
the stub TL3-TL5. Note that by choosing the same location inside the quadrants, stub
TL10-TL11 has the same length as stub TL7-TL8, and stub TL3-TL5 the same length
as stub TL4-TL6. So for connection 3B, two stubs arise, with two different resonance
frequencies equal to the ones of the previous stubs. This is also seen in figure 7.10a. It
is now clear why connection 1D has no resonances: it has no subs long enough to have
effect below 500 MHz.
Simulations also show that when the length of the header at location TL7 is increased, the
lowest resonance frequency of the insertion loss of connection 3B is lowered. Lengthen-
ing the header at location TL6 lowers the highest resonance frequency. Lengthening both
header lowers both resonances. This clearly indicates that the resonances are due to the
stubs as described above.
In order to calculate the stub length as fraction of the wavelength, an estimate of the
phase velocity v˜p is made for the 1D-path. This can be calculated from the length of the
path (calculated from the PCB layout) and the phase of the insertion loss in figure 7.12.
From this phase diagram, it is seen that the output of the 1D-path lags θ = 180◦ at a
frequency of f = 221 MHz. So at double the frequency, the wavelength corresponds to
the calculated length of the path (l). The phase velocity can then be calculated as:
v˜p =
2pi
θ
fl. (7.2)
It is further assumed that this phase velocity is the same through the complete switch
matrix (* in table 7.2), which is a (crude?) approximation. An estimate of the wavelength
at the resonance frequency of the stub can then be calculated as:
λ˜@res =
v˜p
fres
, (7.3)
with fres the measured resonance frequency. In table 7.2, the results are summarized.
The length of both stubs are very close to a quarter wavelength, further confirming the
cause of the resonances.
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(a) Simulated and measured insertion loss.
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(b) Simulated and measured return loss Sdd11. (Side port 1 and 3.)
-50
-40
-30
-20
-10
0
0 50 100 150 200 250 300 350 400 450 500
|S
d
d
2
2
|[d
B
]
f [MHz]
sim 1-b
sim 1-d
sim 3-b
sim 3-d
meas 1-b
meas 1-d
meas 3-b
meas 3-d
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Figure 7.10: Simulated and measured insertion loss and return loss of the type 1 com-
pressed high-voltage switch matrix.
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Figure 7.11: Switch matrix modeled with transmission lines. Ellipses show the stubs if
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Figure 7.12: Measured phase of insertion loss.
Table 7.2: Calculation of the wavelength at resonance and comparison with stub length.
Trace l [mm] v˜p [m/s] fres [MHz] λ˜@res [mm] l/λ˜@res []
Path 1D 264.3 1.168E8 - - -
Stub TL3-TL5 65.7 1.168E8* 444 263.1 0.25
Stub TL10-TL11 85.3 1.168E8* 384 304.2 0.28
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Figure 7.13: The switch matrix connecting two twisted pairs for 100 Mbps-ethernet. The
photograph above was uploaded from a computer to a network drive with the computer
being connected through the switch matrix above.
Despite the high return loss of the switch matrix and its characteristics not complying
to the cat5e [3] standard, the switch matrix was able to successfully switch 100 Mbps
ethernet in the setup shown in figure 7.13. The two used pairs of the 4-pair UTP cable
were connected to two input ports and two output ports on the switch matrix. In the figure,
pair 2 (orange) and pair 3 (green) are connected in the switch matrix through 4B and 3A,
respectively.
7.2 2x2 (RF) matrix
From the previous section, it was shown that the switch matrix had bad RF properties.
In this section, a new switch matrix will be designed, taking the RF performance into
account. As larger switch matrices can create stubs for certain cross connections, only
one MEMS chip will be used in this design.
7.2.1 Type 2 compressed high-voltage switches
Using similar actuators as in the previous section, another MEMS chip was chosen this
time. The switches were laid out so that the connections all appear on two sides of the
chip, which facilitates the layout of the board. Moreover, the length of every path is the
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Figure 7.14: Type 2 compressed high-voltage switches bonded on a PCB.
same, which should be beneficial for balancing the differential pair. The two actuators
have a hot-arm length of 2000 µm and 1500 µm. The shape of the poly heater and the
nitride connections are the same as the design from previous section. Figure 7.14 shows
a photograph of the MEMS chip.
For completeness, the electro-mechanical characteristics of both actuators are displayed
in figures 7.15 and 7.16. The 2000 µm-long compressed actuator can reach displacements
of 70 µm at 24 V, 5 mA and a simulated maximum hot-arm temperature of 512 K. The
1500 µm-long compressed actuator reaches 47 µm at 22 V, 5.7 mA with a simulated max-
imum hot-arm temperature of 545 K.
The switch was able to latch into the closed state using voltages of 24 V and 22 V for
the larger and smaller actuator, respectively. In the closed state, the switch resistance
measured from pad to pad was 0.59 Ω. The simulated contact force amounts to 530 µN.
Hot-switching characterization
In order to explore the possible application domains, the switch was cycled in a hot-
switching test for different voltage and current regimes. This hot switching was achieved
by connecting the MEMS switch as a low-side switch and making it drive an appropriate
resistor which is connected to a voltage source. The current flowing through the switch
was measured by the voltage source and the voltage over the switch was measured using
a (nano)voltmeter. These measurements were recorded for every switching cycle both
in the closed and open state of the switch. This to detect contact stiction, which can
be seen as a low switch voltage in the open state. The voltage-current regimes tested
were: {1 V, 10 mA}, {1 V, 100 mA}, {10 V, 1 mA}, {10 V, 10 mA}, {10 V, 100 mA},
and {50 V, 10 mA}. As the {1 V, 100 mA} regime was tested with a 10 Ω resistor, the
current was rather 89 mA than 100 mA. These series of tests were conducted on two
different dies in order to detect possible statistical outliers.
The actuators were driven at 22 V for the first actuator and 30 V (or 32 V) for the second
one. These higher voltages were chosen to provide enough displacement as this was
sometimes limited by a blockage (see further).
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Figure 7.15: Simulated and measured electro-mechanical characteristics of the 2000 µm-
long compressed actuator.
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Figure 7.16: Simulated and measured electro-mechanical characteristics of the 1500 µm-
long compressed actuator.
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The results of the first die are shown in figure 7.17 and 7.18, and the results of the second
die are shown in figure 7.19 and 7.20. The figures show the resistance in the closed
state Rc as well as the voltage over the switch in the open state Vo. In this closed-state
resistance, also the resistance of the test fixture was included. As can be seen from these
figures, the results for the second die are slightly better but still very similar to the results
of the first one.
A first observation is that the {1 V, 10 mA} regime performs worse than the {1 V, 100 mA}
regime. While in the second case the resistance remains below 1.5 Ω, the resistance
reaches higher values in the first case. This could be due to a similar reason as in the
cold-switching tests in section 5.2.2. The contact resistance is measured 1 s after the clo-
sure of the switch. However, at lower currents, the asperities are not immediately flattened
out so the initial resistance is larger than in the case with higher currents. It is assumed
that this resistance will drop after several minutes, similarly as in section 5.2.2. In this
{1 V, 10 mA} regime the resistance remains below 2.65 Ω during the first 10× 103 cy-
cles.
At 50 V, the switch suffered severely from contact stiction due to the high voltage. Dur-
ing unlatching, it was frequently observed that the second actuator was not able to open
the contact. The opening of the switch then occurred when both actuators were driven si-
multaneously. This sequence is shown in figure 7.21. In both measurements, first failures
to open the switch already occurred after approximately 100 cycles. After 16× 103 −
18× 103 cycles, the contact remained stuck and the measurement was stopped after
10× 103 cycles at a stuck contact. In figure 7.22, the breaking force of the second actuator
at its latched displacement was simulated for different driving voltages. As the actuator
was driven at 32 V and was not able to open the contact during stiction, a sticking force
of more than 300 µN must be present (if the friction of the actuator itself is neglected).
At 10 V and current levels of 1 mA and 10 mA, the switch resistance remains almost
always below 1.5 Ω. For current levels of 100 mA, however, the switch resistance reaches
higher values with occasionally open circuits (Rc very high) and for the first die also
stuck contacts (Vo very low). Clearly, at 10 V hot switching, the current should be below
100 mA if lifetimes of 100× 103 cycles are required.
When comparing the 10 mA-measurements, the best results are obtained at 10 V. For
100 mA, however, the 1 V-measurement is better than the 10 V one.
From these measurements it is clear that this switch is not very suited for hot switching
lines carrying POTS service (DC level of 48 V). The high voltages cause contact stiction
and eventually failure of the switch. Cold switching of POTS lines, however, should be
possible using this switch. The waveforms during a cold-switching test where the switch
connects a 200 V DC voltage to a 100 kΩ load are shown in figure 7.23. In the closed state,
the leakage current between the signal and ground was measured to be below 0.1 µA. Hot
switching 100 mW DC up to 10 V is possible so it is expected that hot switching of
xDSL lines is also feasible. Moreover, it has been shown that AC hot switching almost
eliminates material transfer (which can be present during DC hot switching), thereby
possibly lengthening the lifetime of the switch [4].
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Figure 7.17: Hot-switching tests for the first die (1).
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Figure 7.18: Hot-switching tests for the first die (2).
7.2 2x2 (RF) matrix 159
0
2
4
6
8
0 10 20 30 40 50 60 70 80 90 100
0.0
0.3
0.6
0.9
1.2
R
c
[Ω
]
V
o
[V
]
n [kcycles]
Rc
Vo
(a) 1V, 10mA.
0.0
0.5
1.0
1.5
2.0
0 10 20 30 40 50 60 70 80 90 100
0.0
0.3
0.6
0.9
1.2
R
c
[Ω
]
V
o
[V
]
n [kcycles]
Rc
Vo
(b) 1V, 100mA.
0
1
2
3
4
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30
0
15
30
45
60
R
c
[Ω
]
V
o
[V
]
n [kcycles]
Rc
Vo
(c) 50V, 10mA.
Figure 7.19: Hot-switching tests for the second die (1).
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Figure 7.20: Hot-switching tests for the second die (2).
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Figure 7.21: Unlatching sequence with a sticky contact ({50 V, 10 mA}).
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Figure 7.22: Simulated contact opening force as a function of driving voltage.
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Figure 7.23: Measured waveforms during cold switching of 200 V DC.
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(a) (b)
Figure 7.24: Damage at poly heater at smaller actuator (center part of heater) (a) and
larger actuator (last part of heater)(b).
Actuator issues
During the hot-switching characterization in section 7.2.1, it was frequently observed
that the deflection of the larger actuator (and sometimes also of the smaller actuator)
was blocked at a certain displacement. The actuators were still able to provide enough
displacement to latch the switch, however, they had little margin to do so. This blocking
was resolved after approximately 1000 cycles.
It is thought that this is due to the buckling of the poly heater. During actuation, the poly
heater will expand due to the temperature rise, causing the thin structure to buckle out of
plane. This causes increased friction, limiting the deflection of the actuator. Additionally,
due to the u-shaped poly in the heater, a small step is present on the surface of this heater
which can block the motion of the hot arm. In figure 7.24, a detailed view of the poly
heaters is shown after the 105 latching cycles. Clear damage marks can be seen on the
heating element.
A possible solution to reduce this blocking could be to anchor the poly heater at more
locations. For such a structure to buckle, more stress is needed so it will only buckle at a
higher temperature. The disadvantage is that it will reduce the efficiency of the actuator
as more heat will be lost to the substrate through these extra anchorages. Another possible
improvement could be to further extend the poly heater to the end and encircling the etch
hole, instead of filling the last 85 µm with dummy poly (figure 7.24b). This would result
in a more rigid structure which could reduce the buckling of the last segment in the poly
heater of the larger actuator. The blocking inside the larger actuator due to the step on the
surface of the heater could also be reduced by using an interdigitated pattern at the inner
sides of the u-shaped poly. This gives the hot arm less area to hook into this step and will
prevent the possible upward bending of the left poly trace compared to the right poly trace
in figure 7.24b.
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Figure 7.25: 2× 2 DPST switch matrix.
7.2.2 Switch matrix
In order to explore the high-frequency characteristics of the switches without the reso-
nances of the subs, only one MEMS chip will be used this time. This creates a 2 × 2
DPST switch matrix which is shown in figure 7.25. The eight SMA connectors at the
right side can connect 4 differential pairs. The 16 actuators are driven by only 8 driver
outputs of the driver chip.
The actuators were driven by duty0 = 0xa0 and duty1 = 0xf0 at a voltage of 24 V.
These duty cycles correspond to approximately 19.0 Vrms and 23.3 Vrms. The used tim-
ing scheme was 3× 0x20 ∼= 3× 100 ms.
Close attention has been paid to the matching of the traces on the test board. The signals
coming from the SMA connector are first treated single ended with an impedance of
50 Ω. Only when these traces come together, they are treated as a differential pair with
a differential impedance of 100 Ω. In order to reduce the conversion between common
mode and differential mode, the traces of a pair were laid out so they have the same
length. Unfortunately, a different length in wire bonds and the use of corners in the traces
can degrade the perfect symmetry.
The test board was laid out on a 4-layer PCB, using the two inner planes as ground and
power plane. The signal traces were laid out on the top layer, and the bottom is only
used for crossings. With the material properties in table 7.1, the widths of the traces
were calculated using the LineCalc tool of ADS. At 100 MHz, a single ended trace with
a width of 620 µm exhibits a characteristic impedance of 49.91 Ω. For the differential
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traces, a width of 300 µm and a spacing of 200 µm results in an odd-mode impedance of
50.26 Ω. Close to the bond pads the traces need to branch, so these traces were made as
short as possible with trace widths of 150 µm.
7.2.3 RF measurements
Similar as in the previous section, the RF performance was measured and compared to
simulation. Figures 7.26, 7.27, 7.28, and 7.29 show the simulated and measured insertion
loss, return loss, near-end crosstalk (NEXT), and far-end crosstalk (FEXT). The measured
insertion loss is better than −0.61 dB for frequencies below 500 MHz. The return loss
remained below −20 dB, the NEXT below −35 dB and the FEXT below −50 dB for the
frequency range up to 500 MHz.
The measured RF characteristics were also compared to the cat5e connecting hardware
specification of the TIA-EIA-568-b.2 standard [3]. In this standard, the transmission per-
formance of cabling systems and connectors are specified up to 100 MHz. Despite the
connecting hardware specification being intended for connectors, it will be used here to
compare it with the small switch matrix. Eventually, the switch matrix should behave as
a connector with a performance consistent with the cable specification. As the required
specifications in the application are close to, but less stringent than, the cat5e specifica-
tion, it is compared with this specification. From figures 7.26, 7.27, 7.28, and 7.29, it
is seen that with exception of the insertion loss around 10 MHz, the prototype latching
switch matrix complies with the cat5e connecting hardware specification. The insertion
loss specification at low frequencies is not reached here. However, an insertion loss of
−0.15 dB will not make a big difference if it is connected to a cable with more than
10 dB insertion loss for example.
For completeness, also the longitudinal conversion transfer loss (LCTL) and the longi-
tudinal conversion loss (LCL) were measured and are shown in figure 7.30 and 7.31,
respectively. They show the conversion of the common mode to the differential mode,
which is a measure for the balance of the differential channel. A LCL below 45 dB up to
12 MHz and 40 dB up to 30 MHz is acceptable according to [2].
7.2.4 XG-FAST measurements
The switch matrix was also tested using the experimental XG-FAST setup of Bell Labs
(Alcatel-Lucent). This XG-FAST technology could be the successor of G.fast in the fu-
ture and can reach bit rates of 10 Gbit/s on 30 m cable using two pairs and bonding
technology [5]. In order to achieve these higher bit rates the bandwidth is increased up
to 500 MHz. The resulting bit rates for a few configurations are shown in table 7.3. The
first three tests are for a single channel, the last three use two physical channels and the
phantom-mode channel (results also shown in the table). The RJ45 SMA connector is
used to connect an RJ45 connector to SMA connectors (as shown in figure 7.13).
The resulting bit rates for the single channel show that the influence of the switch matrix
compared to an RJ45 female female connector is very small and that the difference
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Figure 7.26: Simulated and measured insertion loss for the different crosspoints.
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Figure 7.27: Simulated and measured return loss. 1− 1a indicates a connection at cross-
point 1a measured at side 1.
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Figure 7.28: Simulated and measured NEXT. First two characters indicate the ports being
measured, the last character indicates the state of the matrix (0: nothing connected; =: 1a
and 2b connected; x: 1b and 2a connected).
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Figure 7.29: Simulated and measured FEXT. First two characters indicate the ports being
measured, the last character indicates the state of the matrix (0: nothing connected; =: 1a
and 2b connected; x: 1b and 2a connected).
7.2 2x2 (RF) matrix 167
-100
-80
-60
-40
-20
0
0 100 200 300 400 500
|S
d
c
2
1
|[d
B
]
f [MHz]
meas 1a
meas 1b
meas 2a
meas 2b
Figure 7.30: Measured LCTL.
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Figure 7.31: Measured LCL.
168 Switch matrix
Configuration Bit rate [Gbit/s]
40 m cat6 4.296
30 cm patch - RJ45 female female 3.975
- 40 m cat6
30 cm patch - RJ45 SMA - MEMS(1A) 3.963
- RJ45 SMA - 40 m cat6
30 cm patch // 1 m patch - 2×RJ45 SMA 8.868
- 4× SMA female female - 2×RJ45 SMA (3.787, 3.507, 1.573)
- 40 m cat6 (2 pairs)
30 cm patch // 1 m patch - 2×RJ45 SMA 8.358
- MEMS(1A, 2B) - 2×RJ45 SMA (4.138, 3.91, 0.31)
- 40 m cat6 (2 pairs)
30 cm patch // 1 m patch - 2×RJ45 SMA 8.921
- MEMS(1B, 2A) - 2×RJ45 SMA (4.031, 3.857, 1.034)
- 40 m cat6 (2 pairs)
Table 7.3: Bit rates on the experimental XG-FAST setup.
compared to the 40 m cable is largely due to the patch cable and the extra connectors. In
the three-channel tests, the bit rates of the configurations using the switch matrix are sim-
ilar to the one without the matrix, with the MEMS switch in one configuration. With the
MEMS switch in another configuration, the direct channels remain similar, but the capac-
ity of the phantom channel is reduced. However, from these results, it can be concluded
that the MEMS switch matrix is suitable for an XG-FAST deployment.
7.3 Larger switch matrices
The switch matrix designed in previous section exhibited very good RF characteristics.
However, this matrix was only a 2 × 2 matrix and is too small for practical switching
applications. In this section, 16 × 16 switch matrices will be investigated and realistic
virtual prototypes will be simulated. The matrices could not be built due to the limited
amount of fabricated dies.
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7.3.1 16x16 crossbar switch matrix
From section 7.1, it is known that a crossbar matrix creates stubs for most of the cross
points. These stubs limit the use of such a matrix configuration for higher frequencies. In
order to explore the possibilities of the crossbar configuration, a lower frequency range
was chosen in order to design a larger matrix. The chosen frequency band is up to
30 MHz, which corresponds to the necessary bandwidth for VDSL2.
The designed switch matrix uses the same switches as in section 7.2: dies with 8 latching
switches. Using one die, a 2 × 2 latching DPST submatrix is designed, but unlike the
design in section 7.2, also expansion connections are provided. The designed submatrix
and its configuration are shown in figure 7.32. The die is wire bonded to the PCB in the
same manner as in previous section. The switches are connected in a 2× 2 crossbar con-
figuration to 4 differential lines, 2 horizontally at the top and the bottom, and 2 vertically
at the left and right side routed on the backside. Thus, when placing these tiles in a matrix,
a larger crossbar matrix is obtained. The driver chip for controlling 4 submatrices and the
additional routing can be placed on the backside (not implemented in the model). With
one base element measuring 16.5×12 mm2, the complete 16×16 matrix would measure
13.2× 9.6 cm2.
As stubs will be inevitable in this configuration, it is necessary to reduce the effect of
these stubs. An open-ended ideal transmission line with characteristic impedance Z0,
phase constant β and length l behaves as an impedance given by:
Zstub = −jZ0cot (βl) . (7.4)
So in order to minimize the effect of this parallel impedance, it is better to choose Z0
higher, which can be done by reducing the widths or increasing the separation of the dif-
ferential lines. However, there are some limitations on this. The tracks cannot be made
thinner than the allowable track width of the PCB technology. Also, increasing the spac-
ing will eventually result in an almost constant characteristic impedance. Additionally,
the area taken by the transmission line should also be taken into account when designing
a compact switch matrix. With substrate parameters given by table 7.1, a differential line
with widths of 300 µm and a spacing of 200 µm results in a differential impedance of
100 Ω. Two stubs of such a transmission line with both an electrical length of 15◦ result
in a return loss of −11.74 dB. In contrast, a differential line with widths of 150 µm and a
spacing of 500 µm results in a characteristic impedance of 153 Ω. Two of these stubs with
the same length of 15◦ then result in a return loss of−15.29 dB. So, the latter dimensions
of the differential lines were used in the switch matrix.
Figure 7.33 shows the simulated insertion loss and return loss for the 256 different paths
for frequencies up to 500 MHz and a more detailed view for the VDSL2 band up to
30 MHz. As expected, the performance for the higher frequencies is very bad (figures
7.33a and 7.33c). At 200 MHz the insertion loss is below −20 dB and the return loss can
reach −0.6 dB. For frequencies up to 30 MHz, however, the insertion loss and the return
loss should be suitable for VDSL2 according to the ETSI specification for automated
distribution frames [2], however, margins are low. At 30 MHz, the insertion loss is better
than −0.74 dB and the return loss is below −12.86 dB.
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(a) 3D model of submatrix.
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(b) Submatrix configuration.
Figure 7.32: Base element of the 16× 16 crossbar switch matrix.
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(a) Insertion loss.
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(b) Insertion loss in VDSL2 band.
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(c) Return loss.
-50
-40
-30
-20
-10
0
0 5 10 15 20 25 30
|S
d
d
1
1
|[d
B
]
f [MHz]
(d) Return loss in VDSL2 band.
Figure 7.33: Simulated insertion loss and return loss for all 256 paths in the 16×16 switch
matrix.
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7.3.2 16x16 switch matrix with disconnectable stubs
In order to increase the bandwidth of the switch matrix, the stubs need to be disconnected.
This can be achieved by inserting series switches in the crossbars [6]. However, by in-
serting these switches the insertion loss will degrade, and the number of switches will
increase, so these should be used sparingly. As a 2× 2 submatrix can be implemented on
a single die, it does not make much sense to insert a series switch after every crosspoint.
A better solution, which also better fits with the number of switches on a die, is to place
these series switches after every two crosspoints. In this configuration, 16 switches are
needed to implement a 2 × 2 submatrix with disconnectable extension connections. The
two dies needed to implement this submatrix can be placed on both sides of the board
as shown in figure 7.34. To allow future development, the die was mounted and wire
bonded on a QFN80 footprint. The tile measures 16.7 × 16.7 mm2 and multiple tiles
can be stacked next to each other to create a matrix. However, in order to make place
for the driver chip, 7 mm differential microstrip line was inserted between every first and
second, third and fourth, fifth and sixth, and seventh and eighth submatrix, as two drivers
each side of the board can control 8 MEMS dies. This results in a 16 × 16 matrix with
dimensions of 16.2× 16.2 cm2.
The switch matrix shown in figure 7.34c is normally controlled according to a simple
rule: the series switches (S5−S8) are only closed if necessary. So only if a row needs to
be connected to a column that is further to the right, or similarly, only if a column needs
to be connected to a row that is further upwards, then the corresponding series switches
will be closed. With the proposed configuration, every path is now built by connecting
several traces. As no stubs are present now (with exception of the short connections to
the switches), the traces between the tiles can be designed for a differential impedance of
100 Ω. The connections to the switches have a higher differential impedance of 150 Ω.
Again, a trade-off between high impedance and area was made. Note that if a row or
column is switched using a crosspoint and a corresponding series switch is also used, it
is possible to branch a line to different outputs or inputs. However, doing so will have an
impact on the RF performance as the branch will not be matched.
Figure 7.35 shows the insertion loss and return loss for the 256 different paths in the
switch matrix. Compared to the simulated results of the crossbar matrix in previous
subsection (figure 7.33), the return loss is a lot better due to the disconnection of the
subs. However, the insertion loss at lower frequencies is slightly degraded due to the se-
ries switches. As can be seen in figure 7.35a, 15 distinct groups of insertion losses can
be seen for low frequencies. These correspond to the number of series switches in the
path: 0 to 14. The simulated insertion loss at 200 MHz is better than −2.57 dB and at
500 MHz, better than −3.88 dB. The return loss at 200 MHz is below −14.35 dB, and
below −8.38 dB at 500 MHz.
The relatively good matching up to 200 MHz and the acceptable insertion loss, could
make this switching matrix suitable for G.fast. The switch capacity of 16 lines is also
suited for FTTdp deployments.
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(a) 3D model: top view. (b) 3D model: bottom view.
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(c) Submatrix configuration.
Figure 7.34: Base element of the 16 × 16 crossbar switch matrix with disconnectable
stubs.
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(b) Return loss.
Figure 7.35: Simulated insertion loss and return loss for all 256 paths in the switch matrix
with disconnectable stubs.
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(b) Switch matrix between splitter and DSLAM.
Figure 7.36: Switch configuration in small cabinet or DPU.
7.3.3 Switch matrices for street cabinet configuration
In the street cabinet configurations of figure 7.36, the central office provides POTS and
ADSL services, while the VDSL or G.fast services are provided from the DSLAM in the
cabinet, fed from the fiber network. In figure 7.36a, the subscriber lines can be switched
from the central office lines to the splitter using S1. In order to still provide the older
services, the splitter also needs to be connected to the central office lines (using S2).
As there are less line drivers on the DSLAM than subscriber lines, concentrator switch
matrices are needed between the lines and the splitter (M1 and M2). Depending on the
cost of the splitter and the switch matrix, the concentrator switch matrix could also be
placed between the splitter and the DSLAM, with the subscriber lines and the central
office lines also connected to the splitter (figure 7.36b). This requires more splitters but
less switches.
In figure 7.36a, S1 and S2 are simple bypass switch arrays. The matrices M1 and M2,
however, are more difficult to implement as a rectangular crossbar matrix will become
too costly for large matrices. Additionally, the RF performance of such a large crossbar
matrix will be very bad.
To reduce the number of crosspoints and still provide full connectivity between inputs
and outputs, a Clos network could be used [7]. The network consists of three stages:
an input stage, an intermediate stage, and an output stage (see figure 7.37). The input
stage consists of r1 switches of size n1 × m. The outputs of every first-stage switch
are connected to every intermediate switch, requiring these m intermediate switches to
have r1 inputs. Similarly, every input of the r2 third-stage switches of size m × n2 are
connected to the m intermediate stages, requiring these intermediate switches to have r2
outputs. In this way, a network is formed with N = r1n1 inputs and M = r2n2 outputs.
In order for this network to be able to connect an idle input to an idle output, without dis-
turbing existing connections, the network must possess the so-called strictly non-blocking
(SNB) property. In [7], it was shown that the Clos network possesses this property if
m ≥ n1 + n2 − 1. This was derived by considering the following worst case scenario:
suppose there are n1 − 1 connections from a given input switch connected to n1 − 1
intermediate switches, and n2 − 1 connections from a given output switch connected to
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Figure 7.37: Three-stage Clos network.
n2 − 1 additional intermediate switches, and a connection is needed between the given
input switch and the given output switch. With (n1 − 1) + (n2 − 1) + 1 intermediate
switches, the network will not block. The minimal cost of this three-stage network, which
will be defined as the number of crosspoints needed, is then given by:
C(3) = (n1 + n2 − 1)
(
N +M +
NM
n1n2
)
, (7.5)
which can be smaller than NM for large values of N and M and a good choice of n1 and
n2.
When a large number of inputs or outputs are needed, the cost can be reduced even fur-
ther by substituting the intermediate switches by three-stage Clos networks. In this way
recursive five-stage, seven-stage, nine-stage, . . . networks can be constructed. For these
recursive networks the optimal n1 and n2 will usually differ from the three-stage network
with the same number of inputs and outputs.
In literature, Clos networks have also been studied for switching applications which do
not require the strictly non-blocking property. For a Clos network with the same number
of inputs and outputs (n1 = n2 = n and r1 = r2 = r), the condition m ≥ n results
in a rearrangeable non-blocking (RNB) network [8] [9], and requires less intermediate
switches than a SNB network. The network is able to connect every input to every output,
but in doing so, it may be necessary to reroute (rearrange) already existing connections
(up to r − 1 rearrangements may be necessary). So, every possible permutation can be
routed simultaneously, but in the ADF application, connection requests occur distributed
over time and are not known in advance. This means that the service of a user can be
interrupted as other users switch to different services. Therefore, RNB networks are not
very suitable for the ADF application.
Another group of Clos networks are the non-interruptive rearrangeable (NIR) networks
[10] [11]. In such a network, similarly as in a RNB network, every input can be connected
to every output but it may be necessary to rearrange some existing connections. However,
during this rearrangement, the existing connection between the input and output is not
lost. By making use of output- (input)-divertible input (output) switches, a second path
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is non-interruptively added which allows to double the path and to reroute an existing
path without input-output interruption. In [10], it was proven that a Clos network with
n ≥ 2, r ≥ 3, implemented with NIR switches and output-divertable input switches
and input-divertable output switches is NIR if and only if m ≥ n + 1. Additionally,
it was also proven that a Clos network with n ≥ 2, r ≥ 3, implemented with RNB
intermediate switches and NIR output-divertable input switches and NIR input-divertable
output switches is NIR if m ≥ n + 2. These two NIR networks provide seemingly SNB
input-output functionality at a lower cost than the SNB Clos network. However, diverting
an active path will create long stubs, which may kill the signal at high frequencies.
In the discussion of SNB networks it was assumed that N and M are dividable by n1
and n2, respectively. In order to have greater flexibility in optimizing the costs, the case
where N and M are not dividable by n1 or n2 are now analyzed. As mentioned in [7] for
square networks, but generalized here for rectangular networks, a method for efficiently
connecting N = k1n1 + r1 inputs to the intermediate switches is to construct k1 + 1 −
n1+r1 input switches with n1 inputs and n1−r1 input switches with n1−1 inputs. These
input switches need not to be connected to each of the n1 +n2− 1 intermediate switches.
Indeed, an input switch with n1 − 1 inputs should only be connected to n1 + n2 − 2
intermediate switches since there should be (n1−2)+(n2−1)+1 common intermediate
switches between a input switch with n1 − 1 inputs and a output switch with n2 outputs.
Similarly for the output,M = k2n2+r2 outputs are grouped in k2+1−n2+r2 groups of
n2 and n2−r2 groups of n2−1. Again, the output switch with n2−1 outputs only needs
to be connected to n1 + n2 − 2 intermediate switches. However, in order to minimize
the cost, it is better not to choose these n1 + n2 − 2 intermediate switches the same as
for the input side. It can be shown that the cost is lower if the smaller input switches and
smaller output switches have n1 + n2 − 3 intermediate switches in common. This still
provides non-blocking connectivity between the smaller input and smaller output switches
as (n1 − 2) + (n2 − 2) + 1 common intermediate switches are provided. An example of
a Clos network with N not dividable by n1 and M not dividable by n2 is given in figure
7.38. The cost of such a network is then given by:
C(3) =(k1 + 1− n1 + r1)n1(n1 + n2 − 1) + (n1 − r1)(n1 − 1)(n1 + n2 − 2)
+ (k1 + 1)(k2 + 1− n2 + r2) + (k1 + 1− n1 + r1)(k2 + 1)
+ (n1 + n2 − 3)(k1 + 1)(k2 + 1)
+ (k2 + 1− n2 + r2)n2(n1 + n2 − 1) + (n2 − r2)(n2 − 1)(n1 + n2 − 2).
(7.6)
Note that if r1 and k1 are calculated so that r1 ∈ [1, n1] and similarly for r2 and k2, equa-
tion 7.6 is also correct for the cases where N or M is dividable by n1 or n2, respectively.
When both are dividable, equation 7.6 equals equation 7.5.
Using equation 7.6, the minimal cost was calculated for several rectangular networks
ranging from 50 × 16 to 600 × 400. Table 7.4 shows the resulting costs as well as their
configuration ({n1, n2[, (NxM) : {n1, n2[, (NxM) : {n1, n2}]}]}) for a three-stage
(C(3)), five-stage (C(5)), and seven-stage (C(7)) configuration. Only for the first four
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Figure 7.38: 50× 16 Clos network with n1 = 3 and n2 = 3.
cases a three-stage network is the most favorable. For the last two cases, a lower cost can
be obtained by using a five-stage network. The configurations with n1 = n2 = 1 are
basically the same as the lower-stage network with every input and output switched in a
1× 1 matrix, which is not very useful.
Multistage networks have the advantage of splitting up the large crossbar matrix into
smaller ones. This results in shorter stub lengths and will improve the RF performance.
In cases where very high bandwidths are needed, smaller submatrices will also require
less series switches. Therefore, in table 7.4, the maximal dimension of the largest cross-
bar matrix (D(.)) was also calculated. In order to improve the RF performance, it was
investigated if this largest dimension D could be reduced (at an increased cost). In ta-
ble 7.5, the networks were optimized for minimal cost, but this time with the restriction
of using only crossbar matrices with the largest dimension not greater than the minimal
possible to construct the network. As can be seen, these dimensions can be reduced to
half for some cases at a modest increase of cost. In contrast with above cost optimization,
going to higher-stages networks proves to be advantageous as the maximal dimension can
be reduced to very small values.
The optimized costs for the different number of stages for different maximal dimensions
are summarized in figure 7.39. Note that the rightmost point in each result group corre-
sponds to the cost optimization and the leftmost point corresponds to the cost optimization
given the minimal possible maximum dimension. From the figure, it can be seen that the
RF performance can be increased at an increased cost.
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Figure 7.39: Minimal cost for given maximal submatrix dimensions.
7.4 Packaging options
The MetalMUMPs technology offered through the MPW service provides no sealing op-
tions. However, in a final implementation, a packaged solution is mandatory. Addition-
ally, a packaged device is easier to handle during manufacturing of the switch boards.
The most common wafer-to-wafer bonding methods include fusion bonding, anodic bond-
ing, organic polymers, glass frit, and solder. However, not all techniques are suitable for
the MetalMUMPs technology.
First, the packaging technique should not require too high temperatures. In [12], the
maximum temperature for nickel microstructures was set to 350 ◦C, as above this temper-
ature the nickel oxidizes. However, when packaging the nickel devices in a non-oxidizing
environment, this oxidation could be eliminated.
Another difficulty lies in the connections to bond pads outside the package. As the
switches should be hermetically sealed in order to increase their reliability, their elec-
trical feedthroughs bring an added difficulty. This hermetic sealing should keep moisture
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and gases out, and should keep the chosen cavity gas inside. Note that a vacuum cavity
is not a good option as this will limit the heat transfer from the polysilicon heater to the
hot arm of the actuator. As the switches should have a low resistance, these feedthroughs
cannot be made very thin (e.g. in a lateral feedthrough approach) as this would degrade
the low resistance of the switch. Additionally, the chosen packaging solution will have an
impact on the RF performance of the switch matrix.
In the following, a packaging solution with as less modification to the MetalMUMPs
technology will be looked for.
With silicon fusion bonding, two silicon wafers can be bonded together using the OH-
groups at the silicon surface. At elevated temperatures, these OH-groups react to form
oxygen bonds between the two wafers as described in the reaction [13]:
Si−O −H +H −O − Si→ Si−O − Si+H2O, (7.7)
which results in a hermetic sealing of the cavity. Additionally, also polysilicon and sil-
icon nitride can be bonded in a similar manner [14]. However, this technique has some
disadvantages as well. The first is the high temperature needed during the bonding, which
can be above 1000 ◦C [13] [14] [15]. These high temperatures are incompatible with
processed wafers including diffusions or metalizations. A second disadvantage is the
required surface flatness of the wafers [13] [14] [15], which is usually achieved with pol-
ishing. This makes it very hard to fabricate lateral feedthroughs for making connections
to the outside.
Using anodic bonding, an alkali-rich glass can be hermetically bonded to silicon or metal
[16] [17] [18]. In this process, the glass wafer is put in close contact to the silicon wafer
and a temperature of 300 ◦C to 550 ◦C is applied. Furthermore, a large voltage ranging be-
tween 50 V and 1000 V is applied between the glass and the wafer, with the glass having
the negative potential. At the elevated temperatures, the glass becomes an electrolyte and
the positive alkali-ions will migrate to the cathode and the negative oxygen ions towards
the anode. These oxygen ions react at the interface with the silicon or metal, forming a
strong hermetic bond. In case of the MetalMUMPs technology, an aluminium ring could
be sputtered around the device and a glass lid could be bonded (like in [18]). Compared
to the fusion bonding, this process requires a lower temperature which could be compat-
ible with the MetalMUMPs technology. However, similarly as with the fusion bonding,
feedthroughs on the surface will result in a non-flat surface, making the hermetic sealing
very difficult. Instead of feedthroughs at the side of the package, access holes through the
sealing lid can be fabricated [19]. However, this technique is more suited for bulk-silicon
devices.
Sealing with organic polymers such as BCB (benzo-cyclo-butene) or SU-8 can be per-
formed at even lower temperatures (< 250 ◦C) [20] [21] [22] [23]. Additionally, their
liquid-like behavior allows for non-flat surfaces which allows for feedthroughs through
the intermediate bonding material [24]. The disadvantage of polymer bonds is that their
sealing is not hermetic [25].
Another method for sealing a substrate with a cap wafer is by using glass frit bonding [26]
[27] [28]. The glass frit is a paste containing a low-melting-point glass powder, which
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can be applied by screen printing. Pressing the wafers against each other at elevated
temperatures below 450 ◦C, will reflow the glass particles resulting in a hermetic bond.
Due to the melting of the glass frit, the bonding layer is able to cover small steps and
particles. The advantage of using glass as the sealing layer is to have a better matching
of the coefficients of thermal expansion. Glass frit bonding can be used with crystalline
silicon as well as polysilicon, silicon oxide, silicon nitride, and different kinds of metals.
Cavities can also be hermetically sealed using solder reflow methods [29] [30]. Here,
the device wafer and the cap wafer have a solderable metal film along the sealing ring.
Next, the solder layer can be applied using electroplating, screen printing, or sputtering.
The wafers can then be bonded by applying pressure and reflowing the solder. In case of
eutectic Sn-Pb, this solder already melts at 183 ◦C [31]. In addition to the low bonding
temperature, the molten solder is also able to flow over steps on the surface. In order to
fabricate a seal over conducting feedthroughs, an insulating material should be deposited
first over these lines as the conductive solder bond would short-circuit these feedthroughs.
Similar as with the Sn-Pb solder bonding, other eutectic alloys can be used such as Au-
Sn [32] [33] or Au-Si [34], which can be bonded at 280 ◦C and 380 ◦C, respectively.
When selecting a packaging technique, care should be taken to allow for electrical feed-
throughs. As the nickel structural layer in the MetalMUMPs technology is 20 µm high
with steep edges, a lateral feedthrough technique will likely result in a non-hermetic pack-
age. Therefore, a vertical feedthrough technique looks more feasible.
One approach to realize a vertical feedthrough in the MetalMUMPs could be by fabricat-
ing a nickel ring surrounding the devices and designing large bond pads inside this ring.
A cap wafer with etched cavities and metalizations along the outer ring is then solder
bonded on the device wafer. In order to contact the bond pads, the cap wafer has holes in
it, surrounded by a metal ring. When this metal ring is solder bonded to the bond pad, as
well as the outer ring to the respective outer ring of the device wafer, the device is pack-
aged in a hermetic (donut-shaped) cavity. The holes in the cap wafer allow access to the
bond pads which could be wirebonded to a lead frame or a PCB. A possible disadvantage
of this approach could be the relative large size of the bond pads as the metalization ring
around a through-wafer hole is not very small.
A possible solution to connect a processed MetalMUMPs wafer with a high number of
I/O’s is to use through-silicon vias [30]. After hermetically sealing the MEMS wafer
using anodic bonding, glass frit bonding, or solder/eutectic bonding, and optionally wafer
thinning, the bond pads are accessed through the backside using vias. In order to isolate
different vias, an isolation layer is needed between these vias and the substrate. This
can be accomplished by etching a circular trench in the silicon, stopping on the oxide
layer, which is then filled with a polymer dielectric [30] [35]. Then, by opening this
polymer layer and etching the silicon pillar, the oxide layer, and the nitride layer, the
copper under the nickel structural layer is accessible. By depositing a copper seed layer,
these vias can be electroplated. After a CMP or grinding process, a redistribution layer
could be applied, followed by a passivation layer, under-bump metalization, and solder.
Another approach could be to start from an unreleased MetalMUMPs wafer with the
frontside covered. Then the vias are etched and the Plating Base of the nickel structural
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layer is used for electroplating the vias. After a CMP and applying a backside protection
layer, the frontside is released and packaged. The advantage of this technique is a better
control over the plated vias with less risk of pinch-off at the mouth of the via [36] [37].
Using through-silicon vias in the cap wafer and making connections with solder is also
possible [33] [38].
In this discussion, the MEMS chips were packaged separately from the driver chip. A
fully integrated solution with MEMS devices on top of the BCD driver chip would be
very expensive and care should be taken to make the two process modules compatible.
Additionally, since the BCD technology is a lot more expensive than the MEMS technol-
ogy, and only requires a small amount of chip area compared to the MEMS devices, it is
not economical to extend the BCD technology with MEMS devices.
7.5 Conclusion
In this chapter, the thermal actuators got a new layout for the poly heater in order to re-
duce their area so that more switches could be stacked on a die. Using these dies with
8 latching switches on it, together with the driver chip of chapter 6, two switch matrices
were designed. The first 4 × 4 matrix suffered from bad RF properties due to the stubs
which are introduced in the crossbar structure. A second matrix was designed with only
one die, implementing a 2×2 matrix without stubs. This small switch matrix showed very
promising RF characteristics up to 500 MHz and was successfully tested in an experimen-
tal XG-FAST setup. In order to explore larger switch matrices, virtual prototypes were
designed of 16 × 16, making use of the fabricated dies. It has been shown that a cross-
bar structure limits the use of the matrix for higher frequencies and that a topology with
disconnectable stubs could solve this problem. For even larger matrices, used in street
cabinets or DPU’s, Clos networks were optimized for minimal cost and minimal matrix
size. This latter optimization results in shorter stubs which improves the RF performance.
Finally, different packaging options were evaluated.
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8
Conclusions and outlook
8.1 Main achievements
The main goal of this work was to develop a bistable MEMS-based switch matrix for
an automated distribution frame. In chapter 2, a short description of the copper access
network was given and the need for an automated distribution frame was shown. It was
discussed that a full FTTH deployment is in most cases too expensive, mainly due to the
civil works, so in order for the telecommunication operators to provide faster services, the
copper twisted pairs are reused. However, as the capacity of this communication channel
is a lot lower than that of an optical fiber, shorter copper loops are needed to provide fast
services such as VDSL or G.fast. Because of these shorter loops, the DSLAMs need to be
placed out in the field in street cabinets or smaller distribution point units. These cabinets
contain a distribution frame connecting the subscriber lines to the DSLAMs or the feeder
lines to the central office, and are in most cases still manually reconfigured. In order to
reduce the cost of this manual intervention of geographically spread street cabinets in a
more and more competitive telecommunication market, an automated switching solution
is needed. In this work, a MEMS-based switching matrix was developed which could
be used for an automated distribution frame in street cabinets or DPUs. An important
requirement for these MEMS switches was the bistable behavior, which makes that no
energy is needed to stay in the open or closed state.
In order to obtain this bistable behavior, a latching mechanism with two actuators was
used. The second stable state was obtained by a sequence of opening the latch, moving
the contact beyond that latch, closing the latch, and releasing the contact. To implement
these MEMS switches, the MetalMUMPs technology was chosen as it is ideally suited for
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designing MEMS switches (see chapter 3). The electroplated nickel structural layer has
a relatively low resistivity, which lowers the resistance of the switch, and a large thermal
expansion, which is ideal for thermal actuation. Additionally, the use of silicon nitride
makes it possible to displace signal-carrying conductors without electrical disturbance.
Moreover, the optional sidewall gold plating of the structural layer will reduce the contact
resistance.
Based on the author’s master’s thesis, v-shaped thermal actuators and two-hot-arm ther-
mal actuators were evaluated and the phenomena of plastic deformation and back-bending
were indicated. Using the latter actuators, a latching switch was successfully demon-
strated. As the thermal expansion of the structural layer is very small, a displacement
amplification mechanism is usually needed. This could be implemented with a v-shaped
thermal actuator or a two-hot-arm thermal actuator, for example. However, as these ac-
tuators then result in relatively long structures, the resulting latching switch will have an
L-shape, which can take a lot of space when trying to stack these on a chip. In order to
reduce this size, a more compact and easily stackable latching switch was developed in
chapter 3. The proposed mechanism clamps the contact in its second stable state, rather
than latching it. In doing so, the displacement of one of the actuators could be reduced,
enabling the use of a linear thermal actuator with a small lever. Because of the small
displacement, higher forces were available at the contacts, ensuring a stable low-ohmic
contact resistance. The advantage of the mechanism was that the long linear actuator
could be aligned with the v-shaped actuator, which resulted in a compact switch configu-
ration and not the typical L-shape. The mechanism trades two intermediate displacements
for a smaller and a larger displacement, with the result of an increased contact force and
a more compact shape. Despite the successful demonstration of this mechanism, it was
not further developed due to the low yield. Additionally, in the linear actuator and the v-
shaped actuator, the thermal expansion of the nickel structural layer is compared against
the thermal expansion of the substrate. As these have a different coefficient of thermal
expansion, the deflection of these actuators will depend on ambient temperature. Addi-
tionally, residual stress in the structure will also be visible in the deflection as the effect is
amplified by the same mechanism that is used for the small thermal expansion.
The above-described thermal actuators were operated by applying current through the
nickel structural layer. In chapter 3, however, it was shown that this results in difficulties
of accurately controlling the displacement of the thermal actuator. Indeed, by applying
current through the structure, it will heat up, causing the resistance to increase because of
the positive temperature coefficient of resistance. This higher resistance, being current-
driven, will cause an increase in the applied power, causing an even higher temperature.
The result was a rapid increase in displacement which was difficult to control by current
driving. Voltage driving, on the other hand, has a more stabilizing effect, but the low drive
resistance would cause a lot of losses in the connections.
To solve this problem, a thermal actuator with a polysilicon heater was developed in chap-
ter 4. In the proposed topology, displacement was obtained by the temperature difference
between a narrow hot arm and a wider cold arm, with the hot arm heated by a polysilicon
heater underneath the structural layer. The electro-thermo-mechanical behavior of the
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actuator was analyzed using a simplified one-dimensional modeling. Starting from the
current through the polysilicon heater, the temperature profiles inside the heater, the hot
and the cold arm were calculated. From these temperature profiles, the thermal expansion
of both the hot and the cold arms were calculated and eventually also the tip displace-
ment. During this modeling, also the heater voltage and the mechanical stress inside the
structure could be calculated. Despite the relatively simple one-dimensional modeling
and making use of shape factors for estimating the heat transfer between the subparts,
the results of the electro-thermo-mechanical model matched very well with finite-element
results. After a fabrication run it could also be verified that the two results also matched
with the measurements. The higher resistance of the heater facilitated the voltage driving
and resulted in a better control of the actuator. Despite the working prototype, the nitride
connection between both arms suffered from cracking. Learning from this first design
cycle, also a second generation of actuators was developed. This time with more spacing
between conductors, a larger displacement and a more robust nitride connection. Also the
polysilicon heater was adjusted in order to obtain a more balanced temperature profile, so
that more thermal expansion was possible with a lower temperature, thereby increasing
its reliability.
The two generations of thermal actuators were also used to construct latching switches.
These switches were able to latch into the closed state, which was demonstrated in chapter
5. In the first latching switch, the hot and the cold arm were used to route two signals
simultaneously, resulting in a DPST switch. Despite the switch resistance of both paths
being low for the first 15× 103 cycles, the inner contact had a tendency to become less
stable, resulting in increased switch resistances for this inner path. It was argued that this
was caused by a reduced contact force, caused by the restriction imposed by the other
contact. A DPST version of the second generation switch showed a similar instability in
the resistance of the inner path. Another issue was the low breakdown voltage between the
hot arm and the polysilicon heater, which could be as low as 100 V. In order to investigate
this breakdown voltage, test structures have been designed with varying spacing. From
these experiments, it was shown that 20 µm spacing should provide isolation for 420 V,
required for the telecommunication application. To have some margin, however, 30 µm
separation was implemented in the second generation switches. As the hot arm cannot
be used for high voltages, only the cold arm was used for signal carrying, resulting in a
SPST switch. Due to the increased separation, the switch was able to withstand voltages
up to 500 V. The switch was able to reliably latch or unlatch with a timing sequence
of 3 × 50 ms, with shorter sequences resulting in less contact overlap. The maximum
allowed current for the switch was set to 400 mA, with plastic deformation of the flex part
and contact stiction as limiting phenomena. However, it is expected that repeated cycling
at such high currents will degrade the switch characteristics. During the investigation
of the contact resistance in a cold-switching cycling test of 100× 103 latching cycles, it
was shown that at low currents of 100 µA the contact resistance can become high, but
drops as a function of closure time. This was attributed to the contact asperities being
deformed by creep. Repeated cycling makes the contact more rough, while long closures
make the contact more flat, resulting in a larger effective contact area and a lower contact
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resistance. A similar cycling test with a current of 50 mA showed less time dependency
as the contact resistance was already immediately low. This was explained by the rapid
deformation and melting of the contact asperities. In a hot-switching cycling test of a
similar switch (third generation), it was demonstrated that the switch could be used to
switch 100 mW at voltages up to 10 V. Hot switching with voltages of 50 V resulted in
contact stiction, making the switch useless. Cold switching, however, was not a problem
and was demonstrated with a voltage of 200 V. An observed failure mechanism was
that after long cycling tests at high actuation voltages, the polysilicon heater could get
damaged, resulting in a lower driver resistance. This caused higher temperatures and
plastic deformation. The switch also suffered from gold strands at the gold plated contacts
surrounding the plating window. It was argued that this might be caused by a problem with
the photoresist stencil. As the technology used in this work was fixed and offered in a
multi-project wafer service, not much can be done to solve this issue. Another fabrication
issue was the occasional etching of the modified polysilicon heater in the compressed
actuators.
To drive the actuators with the correct latching or unlatching sequence, a driver chip was
developed in chapter 6. This driver was able to control 16 switches with 32 actuators.
On top of that, each driver has a 7-bit address and communicates using a two-wire I2C
protocol. The driver generates a latching or unlatching sequence with adjustable timing
schemes at adjustable outputs with adjustable duty cycles and PWM frequencies. For this
driver, also a control program was developed for communicating with the driver.
The developed latching MEMS switches and the developed driver chip were then com-
bined to demonstrate the DPST latching MEMS switch matrices (chapter 7). Here the
DPST switches were implemented as two SPST switches. From the 4× 4 switch matrix,
it was shown that the so-called stubs limit the high-frequency use of even small crossbar
switch matrices. The RF 2× 2 demonstrator without stubs showed promising RF charac-
teristics up to 500 MHz and was successfully tested in an experimental XG-FAST setup.
However, in the telecommunication application, also larger switch matrices are needed,
so 16 × 16 virtual prototypes were designed and simulated. As expected, the resulting
16 × 16 crossbar matrix suffered from stubs but, based on the insertion loss and return
loss, could be useful for the VDSL2 frequency band, albeit with very little margin. A
solution with disconnectable stubs was also designed, resulting in a slightly increased
insertion loss but with a much lower return loss, making it suitable for G.fast. Addition-
ally, the matrix size of 16 lines is also suited for FTTdp deployments. For even larger
switch matrices, Clos networks were analyzed and optimized for a few examples. These
networks were optimized to reduce the number of crosspoints, resulting in a lower cost
than a crossbar structure. More interesting, however, was the idea of optimizing these
networks to reduce the number of crosspoints under the condition that only submatrices
can be used which dimensions are not larger than the minimum possible for constructing
the network. This resulted in a slight increase in cost compared to the pure cost-optimized
case, but had the advantage of reduced stub lengths, which improves the RF characteris-
tics of the network: stub length can be traded for crossoints. Finally, also some packaging
options were evaluated.
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The contact stiction at higher voltages is still a problem for hot-switching POTS signals.
It could be argued that in the future most telephone calls will be performed using VoIP,
so only xDSL signal are present on the line. However, in telecommunication equipment,
backward compatibility is in most cases required, certainly when the equipment should
facilitate the migration from older to newer services. A solution could be to only switch
these POTS lines in cold-switching mode, which is feasible as the operator can switch off
the POTS line. In situations where hot switching is required, a larger switch with higher
contact and break forces is probably needed.
Also the contact area of the developed latching switch is relatively small. The contact
area is in the order of 20 µm × 20 µm, but due to the bending of the thermal actuator,
this could be less. In order to obtain a more reliable contact which could handle more
current, a larger contact area would be beneficial. Such a larger contact area could be
implemented using a vertical moving contact, such as the electrostatic cantilever switch.
However, with such switches, it is much more difficult to obtain the bistable property.
Additionally, due to the limited number of actuation possibilities, the contact separation
is also limited. A different solution could be to use the latching mechanism like described
in this work, but making the latching tips not part of the contact. Instead, the latching
mechanism with the thermal actuators could be used to press a (short) signal bar against
two contacts. However, this requires a high force at the actuated position of the actuator,
so a larger actuator will be needed.
From above remarks it is seen that a trade-off exists between switching high voltages
or high currents and reducing the size of the switching element. To enable higher volt-
ages or currents, a larger MEMS switch could be designed, however, at a certain point
the size of the MEMS switch is not so small anymore compared to the size of a cheap
electromagnetic relay, and the (packaged) MEMS relays would not be an economical so-
lution. For example, the G6S series latching DTST switching relays [1], which are used
in telecommunication equipment, measure 14.8 mm× 7.3 mm× 9.2 mm and cost only a
few euros. Additionally, these switches can withstand voltages up to 2000 VAC and can
handle currents up to 2 A.
The DPST switch configuration is more area-efficient than two SPST switches. However,
in sections 5.1.2 and 5.3.2, it was shown that these could lead to an instable contact.
Further study on these DPST switches with more compliant contact beams could solve
this issue.
The latching mechanism and the developed thermal actuators provide a reliable way of
generating a bistable switch with sufficient contact force. However, more fundamental
research on the contact physics is needed. The influence of the contact force, switching
voltage, switching current, switching mode, contact closure time, and contact material
on the contact resistance, adhesion force, and lifetime needs to be studied in more depth.
Gold has a widespread use in MEMS switches because of its low resistivity and high oxi-
dation resistance, but the low hardness can lead to adhesion problems and wear. Choosing
a harder material reduces the wear, but can also increase the contact resistance. Addition-
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ally, the tendency to form isolating polymers on the contact should also be taken into
account [2]. As the MetalMUMPs technology only provides gold plating at its contacts,
the technology should be modified to also perform tests with different contact materials.
Typical materials occurring in literature are gold, rhodium, ruthenium, platinum, iridium,
and different alloys of these [3] [4] [5] [6] [2] [7].
The developed switches are not packaged, so the MetalMUMPs technology needs to be
extended. In section 7.4, an overview of different packaging approaches was given. Also
different sealing gases could be investigated in order to reduce the contact degradation
and increase the breakdown voltage [8] [9]. The choice of the sealing gas will have
an influence on the heat transfer between the polysilicon heater and the hot arm of the
actuator. The packaging choice will also have an influence on the RF characteristics of
the switches. Also very promising for reducing the volume of the switching matrix is the
3D stacking using UTCP technology [10]. However, the cost of this stacking technology
should also be taken into account.
An optimization of the power usage of the thermal actuator together with the actuation
speed could reduce the energy needed to switch to another stable state. Additionally, the
temperature dependence of the electro-mechanical characteristics of the actuators should
also be investigated. At higher temperatures, the resistance of the polysilicon will in-
crease, so in order to apply the same power level, a higher voltage or higher duty cycle
will be needed. Moreover, as the thermal conductivity of air will also increase at higher
temperatures, the required power will increase. However, the thermal coefficient of ex-
pansion of the nickel structural layer will also increase (slightly). Therefore, accurate
material characterization is necessary. Once the temperature behavior is known, it can
be compensated by measuring the ambient temperature with an integrated diode on the
driver chip for example.
The experiment for reading the state of the switch turned out negative (section 5.2.2). In
order to read the state of the switch a dedicated thermal displacement sensor based on
the same principle could be attached to the device. Another possibility is using a smaller
second switch for detecting the state. In this way, a (slow and not so small) non-volatile
memory is created.
When constructing larger switch networks, SNB networks were discussed in section 7.3.3.
In order to reduce the number of switches even more, the blocking or rerouting probability
in an RNB or NIR network should be evaluated as this might be sufficiently low for the
application.
The developed thermal actuators could also be used for other MEMS applications in
which a higher drive impedance is needed while still using a metallic structural layer. A
few examples are micro-grippers, micro-positioning stages, micro-motors, RF switches
(with modified signal path), movable mirrors, . . . Note that the latching sequence gener-
ated by the driver chip could also be used for walking micro-robots or driving rotating
gears for example.
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A
Displacement measurements of MEMS
actuators
In order to measure the voltage-displacement characteristics of a thermal actuator, the
sample was put on a probe station and the probes were placed on the contact pads of
the poly heater. These probes were connected to a Keithley 236 SMU (Source-Measure
Unit) to heat up the poly resistor. In order to also capture the corresponding displacement,
photographs of the tip of the actuator were taken through the microscope for every voltage
or current step. These photographs were then analyzed using an image processing script
implemented in Matlab to determine the displacement.
In order to easily track objects in an image, the photographs need to be converted to
monochrome images. This was done by first converting the colored photographs to gray
scale images, which were then converted to black-and-white images by comparing every
pixel against a threshold value as shown in figure A.1. This threshold value can be ad-
justed to compensate for varying brightness of the photographs and should be set so that
the contours of the structural layer are clearly visible as shown in figure A.1c. This is the
base image for the following processing. Next, the rectangular object and the rectangular
reference have to be selected using their coordinates. During the processing, both rect-
angles will be tracked in other images and will be used to determine the displacement.
Additionally, search windows for both rectangles have to be defined. These should be
large enough so that the objects are always inside these windows. Defining large win-
dows will increase the computation time, so these should not be chosen too large. An
example of the definition of these rectangles and windows are shown in figure A.2. To
determine the scale of the displacements, a calibration structure has to be chosen. This is
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Table A.1: Results of the image processing. The first image was the base image, explain-
ing the perfect match of 1.
objx objy refx refy objmatch refmatch disp[µm] acc[µm]
842 341 589 246 1.0000 1.0000 1.1702 0.195
750 336 589 246 0.9395 0.9477 37.0567 0.195
655 335 589 246 0.9135 0.9625 74.1135 0.195
a feature on the photographs of which the physical dimensions are known (the green line
in figure A.2). The size of this feature is also defined by using its coordinates.
Now that everything has been defined, the real processing can happen. The script will
select all the photographs inside the given folder and will determine the displacement
of the structure. This is done by searching for the reference and the object rectangles
in the other images, inside their search windows, thereby using a 2-dimensional cross-
correlation function of the information in the rectangle and the information in the search
window. The function is a measure for the amount of similarity between both matrices.
The cross-correlation C of a real matrix A with dimensions (Ma, Na) and a real matrix
B with dimensions (Mb, Nb) is defined in Matlab by:
C(i, j) =
min(Ma,i)∑
m=max(1,i−Mb+1)
min(Na,j)∑
n=max(1,j−Nb+1)
A(m,n)B(m+Mb − i, n+Nb − j),
(A.1)
where 1 ≤ i ≤ Ma + Mb − 1 and 1 ≤ j ≤ Na + Nb − 1. To be used effectively, the
black and white images are converted to matrices with a−1 for a black pixel and a +1 for
a white one. In this way, the same pixels will have a positive contribution to the function
and differing pixels will have a negative contribution. The result is a matrix C which is
the cross-correlation of the rectangle and the search window for every possible translation
between both. The decision of the script for the location of the moved rectangle is the
set of coordinates for which the cross-correlation function evaluates to its maximum. The
result of this operation is shown in figure A.3. The displacement, expressed in pixels, is
then calculated as the difference between the coordinates of the tracked object rectangle
and the tracked reference rectangle. In this way, vibrations of the microscope will have
no influence on the measured displacement. In the final step, the displacement in pixel
units is converted to micrometers by using the measured calibration reference, for which
both its physical dimensions and its corresponding number of pixels are known. The final
results of the script are shown in table A.1, where the tracked coordinates, the amount of
matching (ranging between +1 and −1), the measured displacement in micrometers, and
the accuracy are tabulated. This accuracy of the process was calculated as the physical
dimensions corresponding to half a pixel.
The matlab code generating previous example is listed in code A.1.
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(a) Photograph. (b) Gray values. (c) Black and white.
Figure A.1: Example of a conversion from colored photographs to monochrome images:
the colored photograph (a) is first converted to gray values (b). These gray values are then
converted to black and white if the pixel value is below or above a threshold value (c).
Figure A.2: Defining the reference and the object to be tracked (blue) as well as their
search windows (red) and measuring the calibration reference (green).
(a) (b) (c)
(d) (e) (f)
Figure A.3: Tracking of the reference and the object within a given rectangle.
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Code A.1: Matlab code for displacement measurements.
% measur ing d i s p l a c emen t o f MEMS a c t u a t o r s
% based on pho to s
path= ’C:\ f i l e s\phd\p h o t o s\mems aug2012\20130927 a2000\ ’ ;
b a s e f i l e =[ ’ P9273367 . JPG ’ ] ;
s e l = ’P∗ ’ ; % s e l e c t f i l e s
f i l e s = l s ( [ path s e l ] ) ;
s c a l e = 1 / 4 ; %dec r e a s e s comput ing t ime , bu t a l s o accuracy
c o l o r t h r e s h o l d =60; % max = 255
o b j r e c t =[842 341 891 3 8 3 ] ; % x y x y
o b j w i n d =[ o b j r e c t ( 1 )−200 o b j r e c t ( 2 )−50 o b j r e c t ( 3 ) +50 o b j r e c t ( 4 ) + 5 0 ] ; %search i n t h i s window
r e f r e c t =[589 246 697 3 1 3 ] ;
r e f w i n d =[ r e f r e c t ( 1 )−50 r e f r e c t ( 2 )−50 r e f r e c t ( 3 ) +50 r e f r e c t ( 4 ) + 5 0 ] ;
b a s e o f f s e t p x =868−871; % d i s p l a c emen t o f base img i n px , t i p − r e f
c a l p x =887−605; % p i x e l s o f r e f s t r u c t u r e
c a l s i z e =110; % ph y s i c a l d imens ion o f r e f s t u c t u r e , i n m, mm, um . . .
f i g u r e ;
imshow ( ( r g b 2 g r a y ( i m r e s i z e ( imread ( [ path b a s e f i l e ] ) , s c a l e ) )>c o l o r t h r e s h o l d )∗1) ;
drawnow ;
%break %uncomment t o show base f i l e and d e f i n e ob j / r e f r e c t a n g l e s
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
o b j p o s = z e r o s ( 2 , s i z e ( f i l e s , 1 ) ) ;
r e f p o s = z e r o s ( 2 , s i z e ( f i l e s , 1 ) ) ;
o b j m a t c h = z e r o s ( 1 , s i z e ( f i l e s , 1 ) ) ;
r e f m a t c h = z e r o s ( 1 , s i z e ( f i l e s , 1 ) ) ;
base img = i m r e s i z e ( imread ( [ path b a s e f i l e ] ) , s c a l e ) ;
%con v e r t t o +1 and −1, so match ing do t s add , no t match ing do t s s u b t r a c t
o b j =( r g b 2 g r a y ( base img ( o b j r e c t ( 2 ) : o b j r e c t ( 4 ) , o b j r e c t ( 1 ) : o b j r e c t ( 3 ) , : ) ) > c o l o r t h r e s h o l d )∗2−1;
r e f =( r g b 2 g r a y ( base img ( r e f r e c t ( 2 ) : r e f r e c t ( 4 ) , r e f r e c t ( 1 ) : r e f r e c t ( 3 ) , : ) ) > c o l o r t h r e s h o l d )∗2−1;
f o r i = [ 1 : s i z e ( f i l e s ) ]
d i sp img = i m r e s i z e ( imread ( [ path f i l e s ( i , : ) ] ) , s c a l e ) ;
obj window =( r g b 2 g r a y ( d i sp img ( o b j w i n d ( 2 ) : o b j w i n d ( 4 ) , o b j w i n d ( 1 ) : o b j w i n d ( 3 ) , : ) ) > c o l o r t h r e s h o l d )∗2−1;
re f window =( r g b 2 g r a y ( d i sp img ( r e f w i n d ( 2 ) : r e f w i n d ( 4 ) , r e f w i n d ( 1 ) : r e f w i n d ( 3 ) , : ) ) > c o l o r t h r e s h o l d )∗2−1;
o b j c o r r = x c o r r 2 ( obj window , o b j ) ;
r e f c o r r = x c o r r 2 ( ref window , r e f ) ;
[ maxc , i n d ] = max ( o b j c o r r ( : ) ) ;
[m, n ] = i n d 2 s u b ( s i z e ( o b j c o r r ) , i n d ) ;
o b j p o s ( : , i ) =[ n−(o b j r e c t ( 3 )−o b j r e c t ( 1 ) ) + o b j w i n d ( 1 )−1; m−(o b j r e c t ( 4 )−o b j r e c t ( 2 ) ) + o b j w i n d ( 2 )−1];
o b j m a t c h ( i ) =maxc / ( s i z e ( obj , 1 )∗s i z e ( obj , 2 ) ) ;
[ maxc , i n d ] = max ( r e f c o r r ( : ) ) ;
[m, n ] = i n d 2 s u b ( s i z e ( r e f c o r r ) , i n d ) ;
r e f p o s ( : , i ) =[ n−( r e f r e c t ( 3 )−r e f r e c t ( 1 ) ) + r e f w i n d ( 1 )−1; m−( r e f r e c t ( 4 )−r e f r e c t ( 2 ) ) + r e f w i n d ( 2 )−1];
r e f m a t c h ( i ) =maxc / ( s i z e ( r e f , 1 )∗s i z e ( r e f , 2 ) ) ;
o v e r l a y = z e r o s ( s i z e ( d isp img , 1 ) , s i z e ( d isp img , 2 ) , ’ u i n t 8 ’ ) ;
o v e r l a y 2 = z e r o s ( s i z e ( d isp img , 1 ) , s i z e ( d isp img , 2 ) , ’ u i n t 8 ’ ) ;
p l o t i m g = z e r o s ( s i z e ( d isp img , 1 ) , s i z e ( d isp img , 2 ) , ’ u i n t 8 ’ ) ;
o v e r l a y ( o b j p o s ( 2 , i ) : o b j p o s ( 2 , i ) + s i z e ( obj , 1 )−1, o b j p o s ( 1 , i ) : o b j p o s ( 1 , i ) + s i z e ( obj , 2 )−1) = ←↩
↪→ ( r g b 2 g r a y ( base img ( o b j r e c t ( 2 ) : o b j r e c t ( 4 ) , o b j r e c t ( 1 ) : o b j r e c t ( 3 ) , : ) ) > c o l o r t h r e s h o l d )∗255;
o v e r l a y 2 ( r e f p o s ( 2 , i ) : r e f p o s ( 2 , i ) + s i z e ( r e f , 1 )−1, r e f p o s ( 1 , i ) : r e f p o s ( 1 , i ) + s i z e ( r e f , 2 )−1) = ←↩
↪→ ( r g b 2 g r a y ( base img ( r e f r e c t ( 2 ) : r e f r e c t ( 4 ) , r e f r e c t ( 1 ) : r e f r e c t ( 3 ) , : ) ) > c o l o r t h r e s h o l d )∗255;
p l o t i m g ( : , : ) =( r g b 2 g r a y ( d i sp img )>c o l o r t h r e s h o l d )∗255;
f i g u r e ;
imshow ( ( p l o t i m g /2+ o v e r l a y /2+ o v e r l a y 2 / 2 ) ) ;
%imsave
drawnow ;
end ;
d i s p l = ( ( o b j p o s ( 1 , : )−r e f p o s ( 1 , : ) )−( o b j r e c t ( 1 )−r e f r e c t ( 1 ) ) + b a s e o f f s e t p x )∗c a l s i z e / c a l p x∗−1; %
acc = c a l s i z e / c a l p x / 2 ; % ha l f p i x e l
d= d i s p l . ’ ;
save ( [ path ’ d i s p . t x t ’ ] , ’ d ’ , ’−a s c i i ’ )
di sp ( ’ o b j x o b j y r e f x r e f y o b j m a t c h r e f m a t c h d i s p acc ’ )
r e s =[ o b j p o s . ’ r e f p o s . ’ o b j m a t c h . ’ r e f m a t c h . ’ d i s p l . ’ acc∗ones ( s i z e ( f i l e s , 1 ) , 1 ) ] ;
di sp ( r e s )
B
Breakdown test
The technique used in this work to estimate the breakdown voltage consists of generating
an increasing voltage with a high output impedance, connected to the electrodes (based
on [1]). When a breakdown at the electrodes occurs, the voltage will suddenly collapse
because of the high output impedance. To measure the breakdown waveform of the elec-
trodes, a high-voltage differential probe was used (Tektronix P5205 100MHz), which has
an input impedance of 4 MΩ. In order not to damage the device or its surrounding too
much, the number of breakdown events should be limited. For this reason a triangu-
lar high-voltage pulse was generated using a Keithley 237 SMU (Source-Measure Unit),
with a duration of a few milliseconds. This was done by programming a sweep with one
point and a few milliseconds delay. The resulting rectangular pulse was then converted
to a triangular one by using a (high-voltage) capacitor and setting the compliance appro-
priately. The breakdown voltage is determined as the voltage for which the waveform
collapses for the first time. The setup is schematically shown in figure B.1. Figure B.2
shows the waveforms of the generated pulse without breakdown and the collapsed pulse
during breakdown. Two clear breakdown events can be seen on figure B.2b.
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1MΩ 
4MΩKeithley 237 3.3nF
Figure B.1: Setup for breakdown measurements.
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(a) Generated high-voltage pulse.
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(b) Collapsed pulse during breakdown.
Figure B.2: Breakdown waveforms.
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C
Verilog code of the controller of the driver
chip
Code C.1 list the verilog code that was used to synthesize the controller block on the
driver chip.
Code C.1: Verilog code of the controller of the driver chip.
module c o n t r o l l e r (
SDA in ,
SCL ,
RST n ,
CLK,
ADDR,
SDA out ,
d r i v e r o u t
) ;
input SDA in ;
input SCL ;
input RST n ;
input CLK;
input [ 6 : 0 ] ADDR;
output SDA out ;
output [ 3 1 : 0 ] d r i v e r o u t ;
/ / da ta r eg s
/ / 0 s t a t u s : OOIIhc10
/ / 1 t 01
/ / 2 t 10
/ / 3 t 11
/ / 4 pwm0
/ / 5 pwm1
/ / 6 f r e q
/ / 7−38 ou t p u t r e c o n f i g
parameter num regs =39; / / 1+6+32
parameter r e g s t a t u s =0;
parameter r e g t 0 1 =1;
parameter r e g t 1 0 =2;
parameter r e g t 1 1 =3;
parameter reg pwm0 =4;
parameter reg pwm1 =5;
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parameter r e g f r e q =6;
parameter r e g o u t p u t =7;
parameter t r i a n g l e s i z e =14;
parameter t i m e s i z e =21;
/ / t r i a n g l e s i z e : 8 h i g h e s t b i t s <−> pwm[01 ] , 8 l ow e s t b i t s <−> f r e q ; fm in =122Hz , fmax =31.25 kHz (@ 2MHz CLK 14 b i t )
/ /@ fmax , pwm r e s o l u t i o n = 1 / 64 , @freq=0x40 : pwm r e s o l u t i o n =1/255
/ / t i m e s i z e : 8 h i g h e s t b i t s <−> t x x , tm in=4ms tmax=1s (2Mhz 21 b i t )
/ / i 2 c s l a v e
wire SDA in ;
wire SCL ;
wire RST n ;
wire CLK;
wire [ 6 : 0 ] ADDR;
reg SDA out ;
reg prev SDA ;
reg prev SCL s ;
reg [ 2 : 0 ] s t a t e ;
reg [ 1 : 0 ] s t e p ;
reg [ 6 : 0 ] s h i f t ; / / o n l y 7 b i t
reg [ 2 : 0 ] b i t c n t ;
reg a d d r e s s ;
reg [ 7 : 0 ] r e g n r ;
reg [ 7 : 0 ] d a t a [ 0 : num regs−1];
/ / c o n t r o l l e r +PWM
reg [ t r i a n g l e s i z e −1:0] t r i a n g l e ;
reg pwm0 ;
reg pwm1 ;
reg [ t i m e s i z e −1:0] t i m e s t e p ;
/ / o u t p u t
reg [ 3 1 : 0 ] d r i v e r o u t ;
i n t e g e r i ;
/ / s y n c h r o n i z e r s t
reg r s t f f ;
reg MASTERRST n ;
/ / s y n c h r o n i z e SDA in s SCL s
reg SDA in b ;
reg SDA in s ;
reg SCL b ;
reg SCL s ;
always @( posedge CLK or negedge RST n ) begin / / s y n c h r o n i z e r s t
i f ( ˜ RST n ) begin
{MASTERRST n , r s t f f}<=2’b00 ;
end e l s e begin
{MASTERRST n , r s t f f}<={r s t f f , 1 ’ b1};
end
end
always @ ( posedge CLK or negedge MASTERRST n) begin / / s y n c h r o n i z e i n p u t s
i f ( ˜ MASTERRST n) begin
{SDA in s , SDA in b}<=2’b11 ; / / d e f a u l t h igh
{SCL s , SCL b}<=2’b11 ;
end e l s e begin
{SDA in s , SDA in b}<={SDA in b , SDA in};
{SCL s , SCL b}<={SCL b , SCL};
end
end
always @ ( posedge CLK or negedge MASTERRST n) begin
i f ( ˜ MASTERRST n) begin
/ / r e s e t ! ALL ! r eg s
prev SDA<=1’b1 ;
prev SCL s<=1’b1 ;
s t a t e <=3’b000 ;
s t e p<=2’b00 ;
s h i f t <=7’b0000000 ;
b i t c n t <=3’b000 ;
a d d r e s s<=1’b1 ;
r e g n r<=8’h00 ;
SDA out<=1’b1 ;
d a t a [ r e g s t a t u s ]<=8’b00001100 ; / / h a l t , c l o s e
d a t a [ r e g t 0 1 ]<=8’h00 ;
d a t a [ r e g t 1 0 ]<=8’h00 ;
d a t a [ r e g t 1 1 ]<=8’h00 ;
d a t a [ reg pwm0]<=8’h00 ;
d a t a [ reg pwm1]<=8’h00 ;
d a t a [ r e g f r e q ]<=8’h00 ;
f o r ( i =0 ; i<32; i = i +1) begin
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d a t a [ r e g o u t p u t + i ]<=8’h00 ;
end
$ d i s p l a y ( ”%d SLAVE[%h ] : l i s t e n i n g t o a d d r e s s %b ” , $t ime ,{ADDR, 1 ’ b0},{ADDR, 1 ’ bx}) ;
t r i a n g l e <=1’b0 ; / / z e r o padded
t i m e s t e p<=1’b0 ; / / z e r o padded
pwm0<=1’b0 ;
pwm1<=1’b0 ;
d r i v e r o u t <=32’h00000000 ;
end e l s e begin
/ / i 2 c s l a v e
prev SDA<=SDA in s ;
prev SCL s<=SCL s ;
i f ( prev SDA & ˜ SDA in s & SCL s ) begin
/ / s t a r t
s t a t e <=3’b001 ;
s t e p<=2’b00 ;
b i t c n t <=3’b000 ;
end e l s e i f ( ˜ prev SDA & SDA in s & SCL s ) begin
/ / s t o p
s t a t e <=3’b000 ;
s t e p<=2’b00 ;
end e l s e begin
case ( s t a t e )
3 ’ b000 : begin
/ / i d l e
SDA out<=1’b1 ;
end
3 ’ b001 : begin
/ / w r i t e b y t e
i f ( ˜ p rev SCL s & SCL s ) begin
/ / SCL s r i s i n g edge
s h i f t [6:0]<={ s h i f t [ 5 : 0 ] , SDA in s}; / / o n l y 7 b i t
b i t c n t<=b i t c n t +3 ’ b001 ;
i f ( b i t c n t <= 3 ’ b110 ) begin
s t a t e <=3’b001 ;
end e l s e begin
case ( s t e p )
2 ’ b00 : begin
/ / addres s<={s h i f t [ 6 : 0 ] , SDA in s};
a d d r e s s<=SDA in s ;
i f ( s h i f t [ 6 : 0 ] == ADDR) begin
s t a t e <=3’b010 ;
end e l s e begin
s t a t e <=3’b000 ;
s t e p<=2’b00 ;
end
$ d i s p l a y ( ”%d SLAVE[%h ] : a d d r e s s = %h ” , $t ime ,{ADDR, 1 ’ b0},{ s h i f t [ 6 : 0 ] , SDA in s}) ;
end
2 ’ b01 : begin
i f ({ s h i f t [ 6 : 0 ] , SDA in s}<= num regs−1)begin
r e g n r<={s h i f t [ 6 : 0 ] , SDA in s};
s t a t e <=3’b010 ;
$ d i s p l a y ( ”%d SLAVE[%h ] : r e g n r = %h ” , $t ime ,{ADDR, 1 ’ b0},{ s h i f t [ 6 : 0 ] , SDA in s}) ;
end e l s e begin / / r eg nr t o h igh
s t a t e <=3’b000 ;
s t e p<=2’b00 ;
$ d i s p l a y ( ”%d SLAVE[%h ] : r e g n r t o h igh ” , $t ime ,{ADDR, 1 ’ b0}) ;
end
end
2 ’ b10 : begin
i f ( d a t a [ r e g s t a t u s ] [ 3 ] ) begin / / o n l y a l l owed t o w r i t e i f da ta03=1
d a t a [ r e g n r]<={ s h i f t [ 6 : 0 ] , SDA in s};
s t a t e <=3’b010 ;
$ d i s p l a y ( ”%d SLAVE[%h ] : r e g [%d ]= %h ” , $t ime ,{ADDR, 1 ’ b0} , r e g n r ,{ s h i f t [ 6 : 0 ] , SDA in s}) ;
end e l s e begin
s t a t e <=3’b000 ;
s t e p<=2’b00 ;
$ d i s p l a y ( ”%d SLAVE[%h ] : w r i t e b i t n o t s e t ” , $t ime ,{ADDR, 1 ’ b0}) ;
end
end
endcase
end
end e l s e begin
s t a t e <=3’b001 ;
end
end
3 ’ b010 : begin
/ / w r i t e ack
i f ( p rev SCL s & ˜ SCL s ) begin / / f a l i n g edge SCL s
i f ( SDA out ) begin
SDA out<=1’b0 ;
s t a t e <=3’b010 ;
/ / s t ep<=s t e p ;
$ d i s p l a y ( ”%d SLAVE[%h ] : ACK” , $t ime ,{ADDR, 1 ’ b0}) ;
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end e l s e begin
i f ( ˜ a d d r e s s ) begin / / w r i t e ( add r e s s [ 0 ] )
s t a t e <=3’b001 ;
b i t c n t <=3’b000 ;
case ( s t e p )
0 : s t e p<=2’b01 ;
1 : s t e p<=2’b10 ;
2 : begin
s t e p<=2’b10 ;
r e g n r<=(r e g n r ==num regs−1)?8 ’ h00 : r e g n r +8 ’ h01 ;
end
endcase
SDA out<=1’b1 ;
end e l s e begin / / read
s t a t e <=3’b011 ;
s t e p<=2’b10 ;
b i t c n t <=3’b000 ;
SDA out<=d a t a [ r e g n r ] [ 7 ] ;
$ d i s p l a y ( ”%d SLAVE[%h ] : w r i t i n g r e g [%d ] : %h ” , $t ime ,{ADDR, 1 ’ b0} , r e g n r , d a t a [ r e g n r ] ) ;
end
end
end e l s e begin
s t a t e <=3’b010 ;
/ / s t ep<=s t e p ;
end
end
3 ’ b011 : begin
/ / read b y t e
i f ( p rev SCL s & ˜ SCL s ) begin
b i t c n t<=b i t c n t +3 ’ b001 ;
i f ( b i t c n t <=3’b110 ) begin
SDA out<=d a t a [ r e g n r ] [ 3 ’ b110−b i t c n t ] ;
s t a t e <=3’b011 ;
end e l s e begin
SDA out<=1’b1 ;
s t a t e <=3’b100 ;
end
end e l s e begin
s t a t e <=3’b011 ;
end
s t e p<=2’b10 ; / /
end
3 ’ b100 : begin
/ / read ack
i f ( ˜ p rev SCL s & SCL s ) begin / / r i s i n g SCL s
i f ( ˜ SDA in s ) begin / / acked ( send n e x t da ta )
s t a t e <=3’b100 ;
s t e p<=2’b10 ;
r e g n r<=(r e g n r ==num regs−1)?8 ’ h00 : r e g n r +8 ’ h01 ;
$ d i s p l a y ( ”%d SLAVE[%h ] : ACK r e c e i v e d ” , $t ime ,{ADDR, 1 ’ b0}) ;
end e l s e begin / / no t acked ( f i n i s h e d )
s t a t e <=3’b000 ;
s t e p<=2’b00 ;
$ d i s p l a y ( ”%d SLAVE[%h ] : no ACK r e c e i v e d ” , $t ime ,{ADDR, 1 ’ b0}) ;
end
end e l s e i f ( p rev SCL s & ˜ SCL s ) begin / / f a l l i n g SCL s , read n e x t da ta
s t a t e <=3’b011 ;
s t e p<=2’b10 ;
b i t c n t <=3’b000 ;
SDA out<=d a t a [ r e g n r ] [ 7 ] ;
$ d i s p l a y ( ”%d SLAVE[%h ] : w r i t i n g r e g [%d ] : %h ” , $t ime ,{ADDR, 1 ’ b0} , r e g n r , d a t a [ r e g n r ] ) ;
end e l s e begin
s t a t e <=3’b100 ;
end
end
endcase
end
/ / t r i a n g l e wave f o r pwm gen e r a t i o n
t r i a n g l e<=t r i a n g l e + d a t a [ r e g f r e q ] ;
/ / s equence
/ / i f da ta [ r e g s t a t u s ] [ 3 ] c o n t r o l l e r no t a l l owed t o w r i t e t o da ta !
/ / must be i n same always b l o k : e l s e ’ d r i v e n by m u l t i p l e source s ’ i n s ynop s y s
case ( d a t a [ r e g s t a t u s ] [ 1 : 0 ] ) / / 10
2 ’ b00 : begin
i f ( d a t a [ r e g s t a t u s ] [ 3 ] ) begin
pwm0<=1’b0 ;
pwm1<=1’b0 ;
t i m e s t e p<=1’b0 ;
end e l s e begin
i f ( d a t a [ r e g s t a t u s ] [ 2 ] ) begin
pwm0<=( t r i a n g l e [ t r i a n g l e s i z e −1: t r i a n g l e s i z e−8]<=d a t a [ reg pwm0 ] ) ?1 ’ b1 : 1 ’ b0 ;
pwm1<=1’b0 ;
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d a t a [ r e g s t a t u s ][1:0]<=2 ’ b01 ;
end e l s e begin
pwm0<=1’b0 ;
pwm1<=( t r i a n g l e [ t r i a n g l e s i z e −1: t r i a n g l e s i z e−8]<=d a t a [ reg pwm1 ] ) ?1 ’ b1 : 1 ’ b0 ;
d a t a [ r e g s t a t u s ][1:0]<=2 ’ b10 ;
end
d a t a [ r e g s t a t u s ][3]<=1 ’ b0 ;
t i m e s t e p<=1’b1 ;
end
end
2 ’ b01 : begin
i f ( d a t a [ r e g s t a t u s ] [ 3 ] || ( t i m e s t e p [ t i m e s i z e−1: t i m e s i z e−8]< d a t a [ r e g t 0 1 ] ) ) begin
pwm0<=( t r i a n g l e [ t r i a n g l e s i z e −1: t r i a n g l e s i z e−8]<=d a t a [ reg pwm0 ] ) ?1 ’ b1 : 1 ’ b0 ;
pwm1<=1’b0 ;
t i m e s t e p<=(d a t a [ r e g s t a t u s ] [ 3 ] ) ?1 ’ b0 : t i m e s t e p +1 ’ b1 ;
end e l s e begin
i f ( d a t a [ r e g s t a t u s ] [ 2 ] ) begin
pwm0<=( t r i a n g l e [ t r i a n g l e s i z e −1: t r i a n g l e s i z e−8]<=d a t a [ reg pwm0 ] ) ?1 ’ b1 : 1 ’ b0 ;
pwm1<=( t r i a n g l e [ t r i a n g l e s i z e −1: t r i a n g l e s i z e−8]<=d a t a [ reg pwm1 ] ) ?1 ’ b1 : 1 ’ b0 ;
d a t a [ r e g s t a t u s ][1:0]<=2 ’ b11 ;
end e l s e begin
pwm0<=1’b0 ;
pwm1<=1’b0 ;
d a t a [ r e g s t a t u s ][1:0]<=2 ’ b00 ;
d a t a [ r e g s t a t u s ][3]<=1 ’ b1 ; / / h a l t
end
t i m e s t e p<=1’b1 ;
end
end
2 ’ b10 : begin
i f ( d a t a [ r e g s t a t u s ] [ 3 ] || ( t i m e s t e p [ t i m e s i z e−1: t i m e s i z e−8]< d a t a [ r e g t 1 0 ] ) ) begin
pwm0<=1’b0 ;
pwm1<=( t r i a n g l e [ t r i a n g l e s i z e −1: t r i a n g l e s i z e−8]<=d a t a [ reg pwm1 ] ) ?1 ’ b1 : 1 ’ b0 ;
t i m e s t e p<=(d a t a [ r e g s t a t u s ] [ 3 ] ) ?1 ’ b0 : t i m e s t e p +1 ’ b1 ;
end e l s e begin
i f ( d a t a [ r e g s t a t u s ] [ 2 ] ) begin
pwm0<=1’b0 ;
pwm1<=1’b0 ;
d a t a [ r e g s t a t u s ][1:0]<=2 ’ b00 ;
d a t a [ r e g s t a t u s ][3]<=1 ’ b1 ; / / h a l t
end e l s e begin
pwm0<=( t r i a n g l e [ t r i a n g l e s i z e −1: t r i a n g l e s i z e−8]<=d a t a [ reg pwm0 ] ) ?1 ’ b1 : 1 ’ b0 ;
pwm1<=( t r i a n g l e [ t r i a n g l e s i z e −1: t r i a n g l e s i z e−8]<=d a t a [ reg pwm1 ] ) ?1 ’ b1 : 1 ’ b0 ;
d a t a [ r e g s t a t u s ][1:0]<=2 ’ b11 ;
end
t i m e s t e p<=1’b1 ;
end
end
2 ’ b11 : begin
i f ( d a t a [ r e g s t a t u s ] [ 3 ] || ( t i m e s t e p [ t i m e s i z e−1: t i m e s i z e−8]< d a t a [ r e g t 1 1 ] ) ) begin
pwm0<=( t r i a n g l e [ t r i a n g l e s i z e −1: t r i a n g l e s i z e−8]<=d a t a [ reg pwm0 ] ) ?1 ’ b1 : 1 ’ b0 ;
pwm1<=( t r i a n g l e [ t r i a n g l e s i z e −1: t r i a n g l e s i z e−8]<=d a t a [ reg pwm1 ] ) ?1 ’ b1 : 1 ’ b0 ;
t i m e s t e p<=(d a t a [ r e g s t a t u s ] [ 3 ] ) ?1 ’ b0 : t i m e s t e p +1 ’ b1 ;
end e l s e begin
i f ( d a t a [ r e g s t a t u s ] [ 2 ] ) begin
pwm0<=1’b0 ;
pwm1<=( t r i a n g l e [ t r i a n g l e s i z e −1: t r i a n g l e s i z e−8]<=d a t a [ reg pwm1 ] ) ?1 ’ b1 : 1 ’ b0 ;
d a t a [ r e g s t a t u s ][1:0]<=2 ’ b10 ;
end e l s e begin
pwm0<=( t r i a n g l e [ t r i a n g l e s i z e −1: t r i a n g l e s i z e−8]<=d a t a [ reg pwm0 ] ) ?1 ’ b1 : 1 ’ b0 ;
pwm1<=1’b0 ;
d a t a [ r e g s t a t u s ][1:0]<=2 ’ b01 ;
end
t i m e s t e p<=1’b1 ;
end
end
endcase
/ / o u t p u t c o n f i g
f o r ( i =0 ; i<32; i = i +1) begin
i f ( d a t a [ r e g o u t p u t + i ] [ 3 : 0 ] == d a t a [ r e g s t a t u s ] [ 7 : 4 ] ) begin
d r i v e r o u t [ i ]<= d a t a [ r e g o u t p u t + i ] [ 4 ] ? pwm1 : pwm0 ;
end e l s e begin
d r i v e r o u t [ i ]<=1’b0 ;
end
end
end
end
endmodule

D
Mixed-mode s-parameters of a 4-port
circuit
A linear 4-port circuit (figure D.1) can be described by the relation between the incident
(a) and reflected (b) normalized power waves using S-parameters. These S-parameters
describe the reflected waves as linear combinations of the incident waves:
b = Sa,
or: 
b1
b2
b3
b4
 =

S11 S12 S13 S14
S21 S22 S23 S24
S31 S32 S33 S34
S41 S42 S43 S44


a1
a2
a3
a4
 .
1
3
2
4
Figure D.1: 4-port circuit.
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If the 4-port is a balanced circuit, with ports 1 and 3 grouped as differential port 1, and
ports 2 and 4 grouped as differential port 2, it is more convenient to describe the circuit
using incident and reflected differential modes and common modes [1]:
bm = Smam,
or: 
bd1
bd2
bc1
bc2
 =

Sdd11 Sdd12 Sdc11 Sdc12
Sdd21 Sdd22 Sdc21 Sdc22
Scd11 Scd12 Scc11 Scc12
Scd21 Scd22 Scc21 Scc22


ad1
ad2
ac1
ac2
 .
In this mixed-mode S-parameter notation, the first index denotes the resulting reflected
mode and the second index denotes the incident mode. For example Sdc21 describes
the conversion of an incident common mode at port 1 to a reflected differential mode
at port 2. The upper left quadrant of the mixed-mode S-parameter matrix describes the
differential-mode S-parameters, while the lower right quadrant of the matrix describes the
common-mode S-parameters. The upper right quadrant describes the common-mode-to-
differential-mode conversion, and the lower left quadrant describes the differential-mode-
to-common-mode conversion.
As S-parameters are usually measured single-ended, a conversion is needed between these
single-ended S-parameters (S) and the mixed-mode S-parameters (Sm). This can be ac-
complished using the following linear transformation:
ad1 =
1√
2
(a1 − a3) bd1 = 1√
2
(b1 − b3)
ad2 =
1√
2
(a2 − a4) bd2 = 1√
2
(b2 − b4)
ac1 =
1√
2
(a1 + a3) bc1 =
1√
2
(b1 + b3)
ac2 =
1√
2
(a2 + a4) bc2 =
1√
2
(b2 + b4) ,
which can also be written as:
am = Ma
bm = Mb
with M given by:
M =
1√
2

1 0 −1 0
0 1 0 −1
1 0 1 0
0 1 0 1
 .
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Here, the difference or the sum of the waves are used to express the differential or common
mode. The normalization factor 1/
√
2 is needed to keep the power levels equal.
The conversion between single-ended and mixed-mode S-parameters can be calculated
as:
bm = Mb = MSa = MSM−1am,
resulting in:
Sm = MSM−1.
From the mixed-mode S-parameters, the (differential) insertion loss, can be easily calcu-
lated as:
IL = |Sdd21|−1,
while the (differential) return loss is given by:
RL = |Sdd11|−1.
For balanced systems, the most important mode-conversion parameters are the longitudi-
nal conversion loss (LCL), given by:
LCL = |Sdc11|−1,
and the longitudinal conversion transfer loss (LCTL):
LCTL = |Sdc21|−1.
These are important for immunity against ingress interference. In order not to produce
egress interference to other systems, the transverse conversion loss (TCL) and the trans-
verse conversion transfer loss (TCTL) are important. These are respectively given by:
TCL = |Scd11|−1
and
TCTL = |Scd21|−1.
Strictly speaking, the losses in a passive structure are≥ 0 dB (as shown above). However,
in literature (and also in this work), negative values for the losses are often used when
referring to S-parameters.
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